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Abstract
Seagrass meadows provide crucial ecosystem services to the coastal zone but globally are

threatened. Seagrass loss to date has mainly been attributed to anthropogenic activities that

reduce light quantity, such as dredging, declining water quality from urban and agricultural run-

off and eutrophication. However, light quality (wavelengths of light) is also altered by these

anthropogenic stressors as well as natural events. This study consisted of three main
components: (1) characterising light quality to which seagrasses are exposed across a local
natural estuarine-ocean gradient and with a human impact pressure; (2) the influence of

monochromatic light quality (blue λ=451 nm; green λ=522 nm; yellow λ=596 nm and red λ=673
nm wavelengths and full-spectrum light λ=400 – 700 nm, at 200 µmol photons m-2 s-1) on

Halophila ovalis and Posidonia australis at different life-history stages; and (3) the effects of light

quality and quantity representative of a commercial dredging operation (15 mg L-1 TSS, 50 and

200 µmol photons m-2 s-1) on H. ovalis adult plants. The field work demonstrated that the quality

of light to which seagrasses are exposed varies along a natural gradient but the nature of the shift
is also dependent on time of year. Additionally, human impact such as dredging can expose
seagrasses to spectra outside of the natural range detected in this study, and the magnitude of

this shift is dependent on depth and TSS concentrations. Results from the monochromatic light

quality experiments demonstrated, for the first time, the seagrass responses to light quality
across several plant scales as well as different life-history stages. Halophila ovalis and P. australis

showed different responses, likely due to their respective growth strategies. Adult H. ovalis (a

colonising species) plants were negatively impacted by monochromatic blue, green and yellow

light treatments, while seeds and seedlings performed better under red and full-spectrum light.

Conversely, P. australis (a persistent species) adults showed no significant responses to any of the

monochromatic light quality treatments, while seedlings demonstrated a physiological

acclimation to blue light. The simulated dredging spectrum experiment demonstrated a
significant impact of reduced light quantity on H. ovalis photo-physiology and growth, but the
only significant effect of light quality was on the concentration of the pigment antheraxanthin.

The lack of effect of light quality on growth indicates that: a) while seagrass are sensitive to

changes in light quality, not all shifts induce negative biomass responses; b) the effects of altered

light quality are less severe when a mixture of wavelengths are present; and c) in this species,

reduced light quantity was more important than changes in light quality. Therefore, when
considering the practical management of seagrasses in relation to short-term dredging activities,

using light quantity thresholds is sufficient for management triggers. Overall, while there were
some (positive and negative) responses to blue, green, yellow and red light, lethal effects were

not detected for either the colonising or persistent species, suggesting that seagrasses have the
V

capacity to acclimate to and/or tolerate extreme changes in light quality and maintain short-term
growth at sufficiently high irradiances. However, sub-lethal responses were determined which

may affect the ability of seagrasses to maintain resilience against other stressors. Therefore,

environmental conditions that alter light quality have the potential to indirectly influence the
overall resilience seagrasses.
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Figure 5.3: Effect of altered light quantity (High 200 and Low 50 µmol photons m-2 s-1) and quality

(dredge and full-spectrum) on H. ovalis (A) alpha, (B) leaf starch, (C) violaxanthin, (D)

antheraxanthin, (E) Ek and (F) root length. All data are means (n=4) ± SE and different lower case
letters denote significant differences (p < 0.05) among values when detected.
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Table 3.2: Dependent variables measured at the end of the H. ovalis adult experiment.

Table 3.3: Results from PERMANOVA analysis examining the effect of light quality (one fixed
factor) on response variables in the adult experiment. Results are significant if p < 0.05.
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CHAPTER 1
1. General introduction
1.1 Light quality
Solar radiation, more commonly referred to as sunlight, is comprised of infrared, visible and
ultraviolet light which are part of the electromagnetic radiation field emitted from the Sun. Light

is commonly classified into long and short wavelengths, the former being from the red side of the
visible spectrum (600 - 700 nm) and the latter from the ultraviolet (UV) to blue region (350 - 500
nm). Plants use light energy from the spectral range of sunlight (400 - 700 nm) to drive

photosynthesis, and certain wavebands are also utilised for non-photosynthetic processes (310
– 760 nm) (Fankhauser & Chory 1997).

1.2 Light quality elicits numerous responses in terrestrial plants
A plant’s life cycle is inextricably linked to changes in light quality (the composition of the

wavelength-specific radiation within the electromagnetic spectrum from UV to far-red light 310-

760 nm) and light quantity (total amount of light or photosynthetic photon flux density, PPFD).

In terrestrial plants, photoreceptors induce critical physiological, growth and morphological

responses that are often associated with certain wavebands (i.e. red or blue), such as setting of
circadian rhythms, flower induction, seed germination, and adult and seedling growth
(Fankhauser & Chory 1997, Whitelam & Halliday 2008).

To understand the role of different wavelengths of light on terrestrial plants researchers have

conducted experiments with monochromatic light. Across the range of species, some

generalisable patterns are evident (Figure 1.1), but oftentimes there is variability among
responses. Most monochromatic light treatments generally have negative effects on the growth

and biomass of adult plants and seedlings (Su et al. 2014, Alvarenga et al. 2015). Germination of

seeds shows the most contrasting results; monochromatic blue light enhanced germination in

orchids (Cattleya walkeriana) but not in foxtail amaranth (Amaranthus caudatus) seeds (Nowak

et al. 1996, Islam et al. 1999).

Some responses to light quality differed across the adult plant scale, with changes to physiological

variables without respective changes to growth variables. For example, maximal photochemical

efficiency and quantum yield of leaves growing under blue light was significantly higher, whilst
biomass was significantly lower, compared to white ‘control’ light (Su et al. 2014).
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Figure 1.1: Summary of recent terrestrial plant studies (within the last two decades) that found
significant cellular, adult plant, seed and seedling responses under monochromatic (blue, green,

yellow and red) light quality treatments compared to full-spectrum or control white light.

*Thalassia hemprichii is a seagrass species. References: 1 (Kopsell & Sams 2013), 2 (Su et al. 2014), 3

(Dougher & Bugbee 2001), 4 (Lee et al. 2011), 5 (Alvarenga et al. 2015), 6 (Drozdova et al. 2001), 7 (Soong

et al. 2013), 8 (Islam et al. 1999), 9 (Nowak et al. 1996), 10 (Walck et al. 2000), 11 (Luna et al. 2004), 12

(Qi-He et al. 2005), 13 (Victorio & Lage 2009), 14 (Guo et al. 2011), 15 (Folta 2004), 16 (Baque et al. 2011).

1.3 Light quality shifts in terrestrial ecosystems

The wide range of plant responses to light quality reflects adaptations and/or acclimation to
habitats that undergo spectral shifts over a range of timescales. For example, in terrestrial

ecosystems light quality changes through forest canopies as the upper foliage absorbs blue and
red light, with understory plants receiving reduced quantity and a green enriched quality of light

(Folta & Maruhnich 2007). Plants respond to this under-canopy light by altering their growth and
morphology i.e. shade-avoidance response (Neff et al. 2000). Green light, which dominates on the
forest floor as it is efficiently transmitted through canopy leaves, has been shown to induce rapid
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elongation of etiolated seedlings (that have negligible chlorophyll) (Folta 2004, Folta &
Maruhnich 2007). Similar to terrestrial ecosystems, aquatic habitats are also subjected to a range

of spectral shifts that alter light for benthic plants (Kirk 1994).
1.4 Light quality shifts in aquatic ecosystems

In aquatic, estuarine and marine ecosystems, a number of factors can drive strong shifts in light
quality. Red light is rapidly attenuated by water so that blue light dominates at depths greater

than about 10 m in low-CDOM (chromophoric dissolved organic matter) and oceanic systems

(Kirk 1994). Suspended particles in the water, such as sediments and photosynthetic biota, and

dissolved materials such as CDOM all affect the absorbance or scattering of light (Kirk 1994). For
example, coastal waters with significant run-off or river input from forested watersheds expel

high concentrations of CDOM, which strongly absorbs short-wave radiation and leads to a yellow
and red-shifted light field (Kirk 1994). Consequently, the spectral quality of light changes with

depth but can also vary among locations of the same depth depending on the particulate and

dissolved components of water (Figure 1.2), as well as across time. For example, the attenuation

of blue light increases as CDOM concentrations increase across sites (Figure 1.2A) and seasonal
shifts in light quality due to elevated CDOM concentrations occur in estuaries (e.g. the Swan-

Canning Estuary in SW Australia) due to high levels of rainfall over the austral winter which then
subside in the summer months (Kostoglidis et al. 2005).

Other particles such as total suspended sediments (TSS) and phytoplankton also influence

spectral shifts underwater. For example, red light is highly attenuated in both eutrophic waters

and those containing suspended sediments (eutrophic line, non-absorbing particles line, Figure

1.2B). Furthermore, light scattering properties of phytoplankton are influenced by cell size and
organic carbon content, in addition to chlorophyll concentration (Zhou et al. 2012) and

phytoplankton pigment composition also has the potential to influence spectral shifts. For
example, the pigment phycocyanin gives cyanobacteria its blue-green colour and absorbs

strongly in the orange and red wavelengths (Falkowski & Raven 2007); thus, a large blue-green

algae bloom may shift the remaining light towards the green and blue regions. Light quality

beneath blooms including diatoms and flagellate species (containing pigments such as

fucoxanthin and perididinin, (Jeffrey 1980)) shift towards red-orange light as both blue and violet
light are highly attenuated (Shikata et al. 2009).

Anthropogenic activities such as dredging, which is commonly associated with port development
and maintenance (Erftemeijer & Robin Lewis III 2006) can also greatly influence light quality

underwater. Dredging results in prolonged periods of elevated TSS concentrations as turbidity

plumes not only reduce the intensity of light penetrating the water column, but also shift the
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quality of light towards the yellow region of the visible spectrum (~490 nm) (Chartrand et al.
2012), thereby greatly influencing the quantity and quality of light reaching benthic plants. As

light quality underwater changes according to depth and the inherent optical properties of
components within the water (Kirk 1994), it is likely that submerged aquatic vegetation respond
to these shifts.

Figure 1.2: A) Variation in the spectral distribution of downward irradiance calculated at 2 m

depth in water bodies with different levels of CDOM (the uppermost curve represents distribution
just below the surface) (Kirk 1997). B) Spectra of diffuse attenuation coefficient associated with
different water types (Gallegos 2001).

1.5 Seagrass responses to light

Seagrasses are a polyphyletic group of marine angiosperms that evolved from monocotyledonous

flowering plants ~ 85 MY ago (Les et al. 1997). They form meadows in shallow waters of the

coastal zone, where they provide significant ecosystem functions and services (Orth et al. 2006)
such as food and habitat for fauna (Heck et al. 2003), sediment stabilisation (Koch et al. 2006),

carbon storage and high primary productivity (Orth et al. 2006, Lavery et al. 2013). Seagrasses

have a high light requirement (Longstaff 1999) and their accelerating global decline has been
attributed primarily to human activities that reduce light and water quality, such as

eutrophication, sediment loading and dredging (Erftemeijer & Robin Lewis III 2006, Orth et al.
2006, Waycott et al. 2009), as well as climatic stochastic events (extreme temperatures and

rainfall) (Fraser et al. 2014, Thomson et al. 2015). Several of these activities have the dual effect
of reducing PPFD and altering light quality. Worldwide, it is estimated that 21,000 ha of

seagrasses have been lost due to dredging over a 50 year period (Erftemeijer & Robin Lewis III
2006), though how much of this effect was due to the associated changes in spectral quality is
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unclear. While the effects of reduced light intensity are well documented (Ralph et al. 2007,
McMahon et al. 2013), very little is known about how shifts in light quality affect seagrass growth
and reproduction (York et al. 2016).

The few studies carried out on seagrasses have demonstrated responses to shifts in light quality.

In adult marine plants Ruppia maritima and Halodule wrightii, there are reports of reduced

branching in both species and increased internode length in H. wrightii in response to a reduction
of the red to far red ratio (R: FR) (Tomasko 1992, Rose & Durako 1994). This effect was likely due

to shading from other seagrasses and longer internode lengths were a response that may

encourage seagrasses to find areas with less competition for light. Seagrass seedlings (Thalassia
hemprichii) exhibited enhanced growth in blue compared to red light (Soong et al. 2013), whereas

the common response of many terrestrial angiosperms is enhanced seed germination under
increased red light (in proportion to FR) (Vázquez-Yanes & Smith 1982, Smith & Whitelam 1997).
This contrast hints at potential differences in the response of aquatic and terrestrial angiosperms

to changes in light quality. Whilst some of the responses between terrestrial angiosperms and

seagrasses may be similar due to their shared ancestry, it is also likely that due to their long
evolutionary history in the marine environment, and the attenuation of red and far-red light
through sea water, seagrasses may have developed different sensitivities across their life cycle to

changes in light.

There are ~60 seagrass species worldwide (Larkum & Den Hartog 1989). Fast-growing species
that have rapid shoot production rates (e.g. Halophila spp. 91 shoot-1 ramet-1 yr-1) have been

placed on one side of the seagrass functional-form model which reflects its different life-history

strategy and morphological characteristics (Kilminster et al. 2015) (Figure 1.3). Whereas slowgrowing species that accumulate large amounts of biomass over longer timescales (e.g. Posidonia

spp. 6.5-7.8 shoot-1 yr-1) are on the opposite end of the model (Marbà et al. 2002, Strydom et al. in

press). Furthermore, Kilminster et al. (2015) classified P. australis as a persistent species while

H. ovalis was considered to be a colonising species.
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Figure 1.3: Seagrass functional-form model depicting dominant traits among colonising (C),
opportunistic (O) and persistent (P) seagrasses. The four different evolutionary lineages are
indicated by the text colour of the genus. This figure was reproduced from Kilminster et al. 2015
with permission from co-author K. McMahon.

The different sizes, architecture and life history strategies allow seagrass species to respond to

changes in environmental conditions on a different scale. Seagrass species respond to reduced
PPFD across the plant and meadow scale via physiological adjustments of photosystems,

remobilisation of carbohydrates, as well as declines in growth (McMahon et al. 2013). The main
difference among species lies in the time scale of the response, which can be related to the plants’

resilience according to their form. For example, colonising species are negatively and rapidly
impacted by light reductions (e.g. mass die off of Halophila ovalis has occurred within 38 days)

(Longstaff & Dennison 1999), but are generally the first species to recover from seed banks

(Kilminster et al. 2015). Conversely, persistent species (e.g. Posidonia spp.) are slower to respond

to reduced light due to the buffering role of the substantial carbohydrate reserves within their

rhizomes, but do not recover quickly after periods of reduced light (Collier et al. 2009). This

example illustrates that there are some differences in the responses to light stress across species,

therefore we may expect a similar scenario in response to light quality, specifically, variability in
the temporal scale of responses as plant form may favour larger species to persist for longer (as

observed under reduced PPFD). Additionally, as the reproductive strategies of coloniser and
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persistent species vastly differ, it was worth investigating the responses across their life history
stages.

1.6 Seagrasses have different reproduction strategies
Seagrasses have a range of different reproductive strategies; and two species that represent the

extremes of these strategies are Halophila ovalis and Posidonia australis. The former deposits

numerous small seeds into a persistent seed bank (~900 seeds m-2) (Kilminster & Forbes 2014)

whereas the latter produces a smaller number of large seeds (~500 seeds m-2) (Kuo & Kirkman

1992). Furthermore, H. ovalis seeds have a hard seed covering and have been known to remain
dormant for up to 24 months (McMillan 1991), whereas P. australis seeds have a membranous

seed covering, germinate readily, have substantial carbohydrate reserves that provide the

seedling with energy (for up to 9 months) and lack dormancy entirely (Hocking et al. 1981, Kuo

& Kirkman 1996). Due to these differences in life history strategies, it is likely that there will be
different responses to changes in light quality. It is also likely that reproductive stages will

respond to changes in light quality in a similar manner to adults because several cases

demonstrate that where favourable conditions enhance adult growth, the same environmental

factor enhances seed germination. For example, the rapid growth of adult Zostera marina plants

coincides with maximum seed germination rates in relation to temperature changes in the boreal
autumn (Moore et al. 1993) and increased light intensity is beneficial for both Halophila spp. adult

growth and seed germination (McMillan 1987). Therefore, it was worth investigating how
seagrasses respond to light quality across their life cycle in order to ascertain differences between

adults, seeds and seedlings as well as differences between species with different life history

strategies. In addition to selecting these two species based on their disparate reproductive

strategies, they are also both common species in Australia (H. ovalis globally distributed and P.
australis is the dominant seagrass species in temperate Australia) and both are exposed to
processes that affect spectral quality, such as dredging.
1.7 Thesis aims and hypotheses

The aim of this research was to document the variability in light quality shifts that seagrasses are

exposed to across different habitats, and to investigate the response of two species with different
life history strategies, Halophila ovalis and Posidonia australis to different light quality treatments,
these being monochromatic (peak wavelengths in the blue λ=451 nm; green λ=522 nm; yellow

λ=596 nm and red λ=673 nm) and a simulated dredge plume light quality (15 mg L-1 TSS at a

depth of 3 m, 50 and 200 µmol photons m-2 s-1). The selection of monochromatic light quality
treatments was used to represent definitive bands within the visible spectrum, and thus, were

more likely to illicit responses than mixed spectra; and results could also be compared to
terrestrial studies. Broadly, I predicted that both species would respond negatively (i.e. reduced
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productivity) to blue, green, yellow and red monochromatic light compared to full-spectrum light
and that P. australis would likely be slower to respond, or lack a severe biomass response,
compared to H. ovalis.

This thesis presents four data chapters following this introduction, which address the following
aims:
•

Chapter 2: To quantify spectral downwelling irradiance across a natural estuarine-oceanic

•

gradient compared to a dredge plume, where seagrasses are present.

•

seed and seedling life history stages.

•

and seedlings.

Chapter 3: To determine how H. ovalis responds to monochromatic light quality across adult,
Chapter 4: To determine how P. australis responds to monochromatic light quality in adults
Chapter 5: To investigate the response of H. ovalis to an interactive effect of reduced light
quantity and altered light quality (simulating a real commercial dredging operation).

In regards to seagrass responses to changes in light quality, the thesis proposed the following
overarching hypotheses:

•

Adult seagrasses exposed to monochromatic light quality treatments will respond with
physiological, growth, morphological and/or biomass responses compared to those exposed

•

to full-spectrum light.

•

seeds and/or seedlings).

Within a species, different life history stages will respond differently (i.e. adults different to
Species with different life history strategies (i.e. colonising vs. persistent species) will vary in
their response to changes in light quality.
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Thesis structure
This thesis has been formatted to include an overall Abstract, General Introduction, four data

chapters (each in IMRAD format) and a General Discussion. The General Introduction (Chapter 1)
provides a thorough background on light quality: what it is; its role as a crucial structuring

influence on plant growth and dynamics for terrestrial plants; how it is altered in terrestrial and

aquatic habitats; and the importance of seagrasses and how they are influenced by light. Chapter

2 describes the range of light quality shifts that seagrasses are exposed to across a natural

estuarine-ocean gradient and under the influence of a human impact activity in the coastal waters
of Perth, Western Australia. This chapter has been presented in publication format and will be

submitted after thesis submission. Chapter 3 demonstrates how the seagrass Halophila ovalis is
affected by light quality across different life history stages (adults, seeds and seedlings) in

aquarium based experiments. This paper has been accepted for publication in Marine Ecology

Progress Series and is currently in press. Chapter 4 reports on an investigation of the short-term

responses of Posidonia australis adults and seedlings to light quality, and will be submitted to

Frontiers in Plant Science (aquatic plants special issue) for publication by September 2017.

Chapter 5 summarises an investigation into the effects of altered light quality and quantity,

mimicking that of a commercial dredging operation, on H. ovalis adult plants. This final data

chapter has been accepted for publication in Marine Pollution Bulletin and is currently in press.

The General Discussion (Chapter 6) synthesises the findings from each chapter, highlighting the

contribution this work has made to our understanding of how seagrasses respond to changes in

light quality. Please note that the terminology used throughout the data chapters includes first

person plural pronouns as multiple members of my supervisory panel and I were involved in

multiple stages of each publication and I do not want to diminish their involvement by altering
the language to first person.
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CHAPTER 2
2. Exploring the variability in light quality that seagrasses receive across a
local estuarine-coastal gradient
Abstract
The underwater light climate ultimately influences the health of submerged aquatic vegetation
rooted to the seafloor. As light quality and light quantity changes according to depth and the

optical properties of components within the water column, it is likely that submerged aquatic
vegetation are exposed to a range of spectra. This study documented the quality of light to which

seagrasses are exposed and how this varies across different habitats (estuarine and ocean

locations, across 6 sites), at different times of year (once in February and June) and with a

particular human activity, dredging. Water quality parameters such as CDOM, Chl α and TSS were

measured at the same time to examine the relationship between light quality and water quality
parameters. This work demonstrated that the quality of light to which seagrasses are exposed

varies along a local natural gradient but the nature of the shift is also dependent on time. For

example, light quality shifts from a blue dominated light environment (456 – 476 nm),

progressively towards a yellow light environment (573 nm) from coastal sites to the upper
reaches of an estuary, while peak irradiance in green light was evident at the middle and estuary

entrance (549 and 536 nm). Additionally, human impacts such as dredging exposes seagrasses to

spectra outside of the natural range detected in this study, and the stronger attenuation of red
and blue wavelengths at the plume site produced a shift unlike most of the other sites, which was

amplified by increases in depth. Lastly, changes in spectral quality were mainly driven by water
quality parameters which indicates that water quality plays a key role in altering the wavelengths
of light available for seagrasses. Recent work has demonstrated that light quality influences

seagrass adults, seeds and seedlings and this paper can be used to identify which shifts in light
and water quality may be most important in influencing seagrasses.
2.1 Introduction

Light is a crucial factor that directly influences the growth, reproduction and therefore survival

of photosynthetic organisms. As such, light quantity (PPFD) and light quality (wavelengths of

light) are factors that limit primary production but also induce non-photosynthetic responses. In
terrestrial plants, critical plant processes are influenced by light quality: setting of circadian
rhythms, flower induction, seed germination, photosynthesis and adult and seedling growth

(Fankhauser & Chory 1997, Whitelam & Halliday 2008). For example, a gap in a forest canopy
facilitates a higher proportion of red light (no longer being absorbed by the leaves above) so that
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understorey plants temporarily receive an increase in the ratio of red to far red light (R: FR),
which often leads to a high rate of germination in dormant seeds (Raich & Khoon 1990, VazquezYanes et al. 1990). Because different light spectra induce a variety of vegetative and

developmental responses in terrestrial plants (Fankhauser & Chory 1997, Whitelam & Halliday
2008), the quality and quantity of light in-situ have been well characterised in terrestrial

ecosystems (Vazquez-Yanes et al. 1990, Endler 1993, Pecot et al. 2005). Less is known about how
light quality varies in aquatic environments and how plants respond to these changes, apart from
the R. maritima and H. wrightii responses to a reduction of the red to far red ratio (R: FR)

(Tomasko 1992, Rose & Durako 1994). Light availability underwater is of vital interest to aquatic

biologists as it is a useful indicator of biological responses and productivity.

In aquatic ecosystems, several processes influence the amount of incident light and the quality

that reaches benthic vegetation. The attenuation (measured as Kd m-1) of different wavelengths
of light depends on the depth and properties of the water body. For example, red wavelengths

(600-700 nm) are readily absorbed by water so that short wavelengths such as blue (400-500

nm) and green light (500-560 nm) dominate at depths greater than ~ 10 m in clear coastal water
bodies (Kirk 1994). In addition, the composition of the water body such as the type and amount

of suspended sediments (including sediment colour and particle size), photosynthetic biota

(phytoplankton, algae and aquatic plants), and CDOM prominently impact light attenuation and
thus, the resulting quantity and quality of light reaching the seafloor (Kirk 1994).

Four main groups of substances in the water column are responsible for significantly altering the

underwater light environment: water, suspended sediment particles, photosynthetic biota and

CDOM (Kirk 1994). Particles suspended within the water column (i.e. total suspended solids, TSS)

are either resuspended from benthic sediments due to hydrodynamics associated with weather
events such as cyclones, discharged into the coastal environment from river and drainage systems

or arise from direct activities such as dredging (Anthony et al. 2004, Jones et al. 2015). Elevated

suspended sediment concentrations reduce light quantity and alter light quality: blue and red
wavelengths are scattered and absorbed respectively, thus the remaining wavelengths are shifted
towards the green-yellow region of the spectrum (510-590 nm) (Chartrand et al. 2012).

Other suspended organic particles, such as phytoplankton, also contribute to the attenuation of
light as their photosynthetic pigments (chlorophyll, carotenes etc.) selectively absorb a range of
wavelengths (Kirk 1994). Influxes of nutrients associated with agricultural run-off often cause

mass proliferation of algae growth, leading to blooms that alter the light environment below. The

magnitude of change depends on the intensity of the bloom, and generally the wavelengths

strongly absorbed are those associated with chlorophyll absorption (blue 430- 453 nm and red
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642- 662 nm peaks), thus the remaining light quality shifts toward the green-yellow spectral
region (Prieur & Sathyendranath 1981). CDOM is a soluble humic substance that leaches from

inland soils into estuarine waters (Kirk 1994) and causes water to take on a yellow appearance,

consequently causing stronger absorption in the blue wavelengths (Stedmon et al. 2000). Water

containing high levels of CDOM commonly flows through estuaries and discharges into coastal
waters where it also alters light quantity and quality (Kirk 1994).

The magnitude, seasonal and temporal extent of light quality altering events varies greatly. For
example, increased CDOM concentrations are often associated with periods of high rainfall such

as those occurring in the austral winter in Western Australia (i.e. Swan-Canning

Estuary)(Kostoglidis et al. 2005). Increased chlorophyll concentrations occur in the austral

summer when increased temperature and hours of sunlight create ideal conditions for algae and

cyanobacteria growth (Rose 2005). Seasonal fluctuations in TSS concentrations in the tropics are

caused by cyclonic weather, which cause pulse turbidity events that last for several days to weeks
(Longstaff & Dennison 1999). However, storm frequency and intensity differs annually and

spatially (Hillman & Raaymakers 1996). Sporadic events such as strong winds can cause sediment
re-suspension events that last 2-3 days, thus the magnitude of such an event may not be very high

if the temporal extent is low (hours to days). Dredging activities are likely to occur as intense

sediment-re-suspension events, where high impact zones block out most of the available light and
the outer edges of the plumes are likely to undergo severe alterations in light quality; the
temporal scale of which can last from weeks to years (Erftemeijer & Robin Lewis III 2006).

Seagrasses have a high light requirement compared to terrestrial angiosperms, phytoplankton

and algae (Abal et al. 1994), typically requiring 15-25% of the surface incident light in order to

flourish (Erftemeijer & Robin Lewis III 2006). Their accelerating global decline has been
attributed primarily to human activities that reduce light and water quality, such as

eutrophication, sediment loading and dredging (Erftemeijer & Robin Lewis III 2006, Orth et al.
2006, Waycott et al. 2009). Much like terrestrial plants under a forest canopy, seagrasses use

physiological adaptations and acclimation strategies to respond to changes in light to ensure their
survival. For example, seagrass species respond to reduced PPFD via physiological adjustments

of photosystems, remobilisation of carbohydrates, as well as reduced growth (McMahon et al.
2013). As changes in light quantity (PPFD) and water quality are known to impact the health of

seagrass meadows, these environmental variables are commonly measured in-situ (Abal &

Dennison 1996, Kemp et al. 2004, Moore 2004, Kostoglidis et al. 2005), however, less is known

about the impact of changes in light quality on seagrasses, and measurements of spectral
downwelling irradiance [Ed (λ)] are equally rare.
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There have been three peer-reviewed studies that measured water quality parameters alongside

spectral profiles in estuarine habitats where seagrasses were present (Gallegos et al. 1990,

Gallegos & Kenworthy 1996, Moore et al. 1997). Gallegos et al. (1990, 1996) confirmed that light
attenuation increased in the blue region due to CDOM and suspended particles and increased in

the red region with depth due to absorption by water, and the Moore et al. (1997) study
recognised the attenuation of red and blue light by increased TSS. While this was useful
information, there are few studies in other locations which cover a broad range of seagrass
habitats, or incorporate a temporal component.

The work in this chapter aimed to document the variation in light quality that seagrasses receive

across an estuarine-coastal gradient (spatially and temporally), and to compare this to light

quality under a human impact scenario. Specifically, the changes in light quality at a site receiving
light modified by dredging plumes were compared to the changes detected in the natural

variability of light reaching seagrass meadows. Therefore, if the dredge plumes generate spectra
outside of the natural variability detected, then this is a potential cause for concern as there is

little known about how seagrasses respond to changes in light quality. Additionally, water quality
parameters such as CDOM, chlorophyll a and TSS were measured alongside spectral quality data

in order to provide explanations for variations in spectral quality across spatial and temporal
scales.

2.2 Methods
2.2.1

Site description

The south-west region of Western Australia has a Mediterranean climate with naturally
oligotrophic offshore waters dominated by coarse carbonate sediments and is a unique global

seagrass biodiversity hotspot in terms of its temperate location, where numerous seagrass

species form meadows in estuaries and in the shallow waters of the coastal zone. A total of six
sites were selected to examine how the amount of wavelength specific light and also wavelength
specific attenuation varied in seagrass habitats along a gradient from ocean to upper estuary, at
two times of the year, June 2014 and February 2015. Three sites were located in the Swan-

Canning Estuary, Perth, Western Australia (Figure 2.1): upper estuary, middle estuary and

estuary entrance. The Swan-Canning Estuary is tidally dominated for much of year, with strong
seasonal changes in temperature, water flow and salinity and is surrounded by sandy soils which

readily allow leaching of nutrients into the estuary (Rose 2005). Halophila ovalis is the dominant
seagrass forming dense meadows growing in sandy soils at these sites (~500 ha) from 0 – 2.5 m

depth (Hillman et al. 1995, Brearley 2005). The two remaining sites (near-coastal and oceanic)

were located within the coastal waters of the Indian Ocean, with a diurnal, microtidal range (0.6
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m) where mixed meadows of Posidonia australis, Posidonia sinuosa and H. ovalis grow in coarse
carbonate sediments in the shallow waters (1-7 m). The near-coastal site was located in an open

embayment (Owen Anchorage, 8.6 km south of the Swan-Canning Estuary entrance) and the

oceanic site situated on the leeward side of Carnac Island (7.7 km north-west of Owen
Anchorage).

Two sites (plume and near-coastal) were selected to investigate the changes in wavelength

specific attenuation to which seagrasses are exposed with the human impact scenario of

dredging (Figure 2.1). Posidonia australis and P. sinuosa meadows dominated these sites. The

sediment plume at the dredge plume site was generated by both the local dredging of sediment
and subsequent washing of shells at Woodman Point to remove silt and salt in preparation for

cement production. Water quality and light quality measurements were taken at the plume site
whilst the plume was present (i.e. visual evidence of sand washing occurred on the day), and the

measurements at the near-coastal site were taken 400 m north-east where no visible impact of
the plume was present, and was therefore a useful reference site.

Table 2.1: Spectral measurements were recorded on sunny days between 11:00-13:00 h from the
water surface to the seafloor across six sites in June 2014 and February 2015.
Site name

Upper estuary
Middle estuary
Estuary entrance
Near-coastal
Plume
Oceanic

Depth of site (m)
June 14
Feb 15
2.7
2.5
2.7
2.5
2.5
1.9
2.4
3.0
1.9
3.5
3.1
3.7

Figure 2.1: Light and water quality data were collected from three sites in the Swan-Canning

Estuary (upper estuary, middle estuary and estuary entrance) as well as from Carnac Island
(oceanic) and Woodman Point (plume and near-coastal). The figure collated using Google Earth

images (Landsat data SIO, NOAA, U.S Navy, NGA, GEBCO).
2.2.2

Spectral profiles

Spectral downwelling irradiance [Ed (λ)] profiles were performed on sunny days in June 2014

(austral winter) and February 2015 (austral summer) between 11:00-13:00 h using a USSIMO
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hyperspectral radiometer (In-Situ Marine Optics, Australia). A minimum of three replicate

profiles were performed at each site and the profile with the least ‘noise’ selected to determine

downwelling irradiance (Ed (λ) W/m-2) and light attenuation coefficients (Kd m-1) from 400 – 700
nm. The radiometer was lowered on a slow decent platform and readings were measured
continuously from 0.5 cm below the surface to the seafloor (between 1 and 4 m depending on the

site), summarised over a wavelength width of 3 nm. Kd was calculated for each wavelength as the

slope of the linear regression between irradiance and depth for each profile (as per Kirk 1994).
Benthic Ed (λ) was also reported for each site, at the range of depths seagrasses were present

(Table 2.1), as well as at a standardised 1 m depth.
2.2.3

Water quality measurements

Water samples were collected in-situ in clean bottles from 30 cm below the surface for TSS (3 L),
Chl a (2 L) and CDOM (2 L). There was no need to collect water column integrated samples as the

upper layer of the water column is reportedly homogenous in the Swan-Canning Estuary during

summer and winter at our shallow sites (Stephens & Imberger 1996). Saline-wedge stratification

does regularly occur in this estuary; however, the isohaline is present at greater depths than were
recorded during this study (i.e. > 6 m). Furthermore, temperature and salinity profiles conducted
at the oceanic, plume and near-coastal sites demonstrated that the water column in these shallow

sites is also well mixed during summer and winter (Department of Water data, Western

Australia). Therefore, the water quality concentrations measured in the sub-surface layer were
indicative of the shallow water column and it was appropriate to compare to the spectral data.

Three sets of samples were collected for each parameter at each time, apart from the three

estuary sites in June 2014 where only 1 sample was collected due to a field complication. Samples

were stored in the dark and within a cooler box and returned to the laboratory, where Chl a and
CDOM samples were filtered within 8 hours of collection. Chlorophyll a samples were filtered
through 47 mm Whatman GF/F glass fibre filters, frozen and extracted (90% acetone) in a cool,
dark environment (Strickland & Parsons 1972, Holm-Hansen & Riemann 1978). CDOM samples
were filtered through 0.45 µm membrane filters and absorbance read at 440 nm using a

spectrophotometer (1 cm quartz cell, Varian Cary 1 UV-VIS nm) and the absorption coefficient

(m-1) calculated following standard practices e.g. Kirk (1976). TSS samples were filtered through

47 mm Whatman GF/F glass fibre filters, dried at 60°C and weighed (mg) according to standard

protocols (APHA et al. 1981) in order to determine TSS concentrations (mg L-1).

2.2.4

Statistical analyses

A non-metric multidimensional scaling (nMDS) plot (Kruskal 1964) was created to illustrate the
separation among the Kd of wavebands across sites and determine which water quality variables
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were driving the separation. A distance-based linear model (DISTLM; PRIMER-E v6) was used to

empirically determine how much of the variation in all wavebands of Kd could be explained by

individual water quality variables (Chl a, CDOM and TSS). Draftsman plots and co-correlation

values for each water quality variable indicated that data were normally distributed after log
transformation and that CDOM and Chl a data were highly correlated, and as such, Chl a was

excluded from the sequential tests. For each collection time, mean Kd values for each site at 1 m

were obtained for each colour region: 401-496 nm (blue), 499-569 nm (green), 572-599 nm

(yellow) and 603-699 nm (red). Both datasets were normally distributed after log transformation
with Kd data as the response variable (resemblance matrix Euclidean Distance) and water quality

as the predictor variable. Variation proportions were determined significant if p < 0.05 and both

marginal and sequential tests were performed. The marginal test takes into account each variable

tested in isolation and sequential tests consist of conditional additive tests that examine whether
each variable contributes to the response variable in addition to the one preceding it (Clarke &
Gorley 2006).

Stepwise multiple linear regressions were performed (SPSS IBM Corp. v23) as a means to
determine the relative importance of each water quality parameters’ contribution to the

attenuation of each waveband (i.e. Kd blue, green, yellow and red range individually). The

significance of the model was determined at p < 0.05 and the normality of residuals tested for

each significant model.

2.3 Results
2.3.1

Light across a natural gradient

The spectral attenuation of light (Kd) varied among sites and over time. The greatest contrast was
between the upper estuary and the oceanic sites, with high attenuation of blue light in the upper

estuary (Figure 2.2A), whereas red wavelengths were the most attenuated at the oceanic site

(Figure 2.2E). The middle and estuary entrance were intermediate between the upper estuary
and oceanic sites, both having highest attenuation in the blue and red wavelengths (Figure 2.2B-

C). The near-coastal site was most similar to the oceanic site, with high attenuation of red
wavelengths (Figure 2.2D). The magnitude of Kd was greatest in the upper estuary and the

difference most pronounced in the blue-green region and least in the red region compared to all

other sites. Higher Kd values were evident for all sites in June compared to February though least

pronounced at the near-coastal site, and the pattern in Kd across wavelengths was similar within

each site over the two time periods (Figure 2.2).
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Figure 2.2: Vertical attenuation coefficients (Kd m-1) were derived from downwelling irradiance

[Ed (λ) W/m-2] data standardised to 1 m measured in the upper Swan-Canning Estuary (A),

middle estuary (B), estuary entrance (C), near-coastal (Woodman Point) (D) and at an oceanic

location (Carnac Island) (E) in February 2015 (solid lines) and June 2014 (dashed lines). Note

that the different line colours within the graph (red for A, yellow for B etc.) are used to distinguish
sites and are not associated with light quality in-situ.
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Figure 2.3: Downwelling irradiance [Ed (λ) W/m-2] was measured using a hyperspectral

radiometer at 1 m depth where seagrass was present in the upper Swan estuary (A), middle

estuary (B), estuary entrance (C), near-coastal (Woodman Point) (D) and at an oceanic location

(Carnac Island) (E) in February 2015 (solid lines) and June 2014 (dashed lines).

The patterns of Ed (λ) (standardised to 1 m depth) were similar to the light attenuation data with
peak irradiance in the yellow region (573 nm) of the spectrum most prevalent at the upper

estuary, and green-yellow light at the middle estuary (549 nm) and green at the estuary entrance

(536 nm). Blue light dominated the near-coastal (476 nm) and oceanic (456 nm) sites (Figure
2.3). Ed at the standardised 1 m depth was generally higher in February 2015 compared to June

2014. While these patterns in Kd standardised to 1 m are useful for direct comparisons in spectral
variability across space and time, shifts are more dramatic when imposed with depth (Figure 2.4).

The benthic downwelling irradiance curves [Ed (λ)] demonstrate a fuller extent of the variation

in light quality that seagrasses experience across a range of depths (Figure 2.4) compared to

previous data (Figure 2.3) which illustrated Ed (λ) at a standardised depth of 1 m across the range

of seagrass habitats. Benthic Ed (λ) demonstrates a clear shift from a blue dominated light

environment (with the least amount of red light), progressively towards a yellow light
environment (with the most amount of red light) from the most ocean dominated sites to the

upper reaches of an estuary, which becomes more pronounced in February and is likely due to
differences in depth (Figure 2.4).

Figure 2.4: Benthic downwelling irradiance [Ed (λ) W/m-2] was measured using a hyperspectral

radiometer where seagrass was present in the Perth Coastal area across an estuary-ocean
gradient in February 2015 (A) and in June 2014 (B).
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2.3.2

Light influenced by dredging

The acute attenuation of red and blue wavelengths beneath the Woodman Point dredge plume
produced a green (peak 551 nm) dominated light environment unlike those measured under the

natural estuarine-oceanic conditions (Figure 2.2). Compared to the near-coastal site, the plume
site had a 4 fold increase in the attenuation of blue and a 1.5 fold increase in the attenuation of

red light in June 2014 and a 3 fold increase in the attenuation of blue and a 1.5 fold increase in
the attenuation of red light in February 2015. Furthermore, the magnitude of difference in Kd

between sampling times was far greater at the plumes site (Figure 2.5A). Counter-intuitively, the

prominently higher Kd values at the plume site in June 2014 compared to February 2015 does not

appear to be explained by TSS as the difference in TSS concentrations was greater in February

2015 (86%) than it was in June 2014 (63%) between these sites – indicating a possible non-linear

effect (Figure 2.5).

Figure 2.5: Vertical attenuation coefficients (Kd) were derived from downwelling irradiance data
standardised to 1 m measured in the Perth Coastal area within a dredging plume (A) and outside

the plume at Woodman Point (near-coastal) (B) in February 2015 (solid lines) and June 2014
(dashed lines).

The amount of benthic Ed (λ) was greater, and peak irradiance was blue-shifted, at the near-

coastal site compared to the plume site (Figure 2.6, 2.7). The plume produced a shift unlike most

of the other sites with a peak in the green-yellow region due to the acute attenuation of blue and

red wavelengths, which was particularly pronounced in June due to stronger attenuation of red
light at the deeper site (Figure 2.7B). Therefore, the effect of depth magnified the spectral change

under the dredge plume.
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Figure 2.6: Downwelling irradiance [Ed (λ) W/m-2] at 1 m depth for a seagrass meadow within a

dredging plume (A) and outside the plume at Woodman Point, Western Australia (near-coastal)

(B) in February 2015 (solid lines) and June 2014 (dashed lines).

Figure 2.7: Benthic downwelling irradiance [Ed (λ) W/m-2] at seagrass meadows within a

dredging plume and outside the plume (near-coastal) at Woodman Point (Western Australia) in
February 2015 (A) and in June 2014 (B).
2.3.3

Water quality and light attenuation across sites and time

CDOM concentrations were highest at the upper estuary site compared to all others, with higher
concentrations in June 2014 compared to February 2015 (Figure 2.8B). Both Chl a and TSS

concentrations were highest in the upper estuary in February 2015 and highest in the coastal
sites in June 2014 (Figure 2.8A, C). As expected, CDOM and Chl a were relatively low in the near-

coastal and oceanic sites compared to the estuary sites at both times and TSS measured within
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the dredge plume was the highest of all sites, with higher concentrations in June 2014 (12.7±1.4

SE) compared to February 2015 (10.4 ±0.8 SE) (Figure 2.8F).

The multivariate analyses demonstrated a gradient across sites in terms of the Kd waveband data,
which was driven by all three water quality parameters. Firstly, the nMDS illustrated a pattern of

spatial separation of Kd wavebands along the natural gradient (across MDS1 axis) with the upper
estuary most different to the oceanic site. This pattern was then empirically confirmed by the

linear regression between each water quality parameter and Kd blue (Table 2.3), which

demonstrated that the attenuation of blue light was driven by differences in CDOM. A temporal
change was also evident via the separation (along MDS2 axis) of T1 and T2 sites (Figure 2.9). This

pattern was driven by CDOM and Chl a concentrations, and in particular, the attenuation of Kd
blue which was greatest in the upper estuary sites. Additionally, separation of Kd at plume site

(particularly T2) was separated from the other sites by differences in TSS concentrations (Figure
2.9).

The DISTLM marginal test indicated that CDOM explained the greatest amount (41%) of the

variation in Kd across spectral wavebands, Chl a explained 38% of the variation and was

statistically significant when tested by permutation (p < 0.05) and TSS only explained 21% and
was not statistically significant (Table 2.2). The sequential test demonstrated that when the water

quality variables were tested sequentially, the additive contribution of TSS to Kd was still

significant if present in addition to CDOM.
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Figure 2.8: Water quality (CDOM (m-1), Chlorophyll a (µg/L), and TSS (mg/L)) at sites on an estuarine gradient (A-C) and within and out of a dredging

plume (D-F). These measurements were taken at the same sites (Figure 1) and times (June 2014 and February 2015) as the spectral measurements
(Figure 2.2 – 2.7).
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The linear regressions confirmed the DISTLM sequential test outcomes for CDOM but not for TSS. The

high R2 value demonstrated that 62% of the variation in Kd blue was accounted for by CDOM, Chl a and

TSS. Additionally, this model demonstrated significant explanatory power (F: 7.3, p < 0.05) and that
CDOM has predictive ability for Kd blue, for example, with a 1 unit increase in CDOM the model predicts

that Kd blue will increase by 0.314 m-1 (while all other independent variables remain fixed). While Chl a
was excluded from the Kd blue model because of high co-linearity (0.880) with CDOM, it still remains an

important contributor. Furthermore, we acknowledge the small sample size of replicates and therefore

present the adjusted R2 value: 54% (which takes sample size into account and therefore supports the

hypothesis that it is an accurate representation of the variation accounted for). The remaining models

were not significant (p < 0.05) and therefore CDOM, Chl a and TSS had no explanatory power in being

able to predict the variation in Kd green, yellow or red (Table 2.3).

Figure 2.9: Results of an nMDS based on spectral quality characteristics (Kd blue, green, yellow and red)

at sampling sites and with water quality parameters (CDOM, Chl a and TSS) imposed as vectors using
Pearson correlation. The 2D bubble variable denotes Kd blue at each site.

23

Table 2.2: Results from a distance-based linear model (DISTLM) relating quality parameters (predictor

variables) to mean Kd blue, green, yellow and red values (response variables). Chl a was excluded from
the sequential analysis because of a significant correlation with CDOM. *Denotes significance p < 0.05.
Variable
1. Marginal test

d.f.

F

P

Proportion

CDOM
Chl a
TSS
1. Sequential tests
CDOM
CDOM, TSS

10
10
10
R2
0.41
0.63

11.25
7.30
2.17
F
7.14
5.40

0.018*
0.011*
0.110NS
P
0.016*
0.035*

0.41
0.38
0.21
Proportion
0.41
0.21

Table 2.3: Multiple regression analysis describing the relationships between water quality constituents
(CDOM, Chl a and TSS) and attenuation coefficients (Kd) for different wavebands (blue, green, yellow,
and red).* Denotes whether the model was significant at p <0.05
Kd Waveband
Blue
Green
Yellow
Red

B coefficient (±SE)
CDOM
0.314 ± 0.093*
-

B coefficient (±SE)
TSS
0.301 ± 0.238 NS
-

R2
0.62*
0.41 NS
0.43 NS
0.47 NS

2.4 Discussion
This study demonstrated that the quality of light to which seagrasses are exposed varies along a natural

gradient and that the nature of the spectral shift is also dependent on depth and temporal changes in
water quality. At these sites, seagrasses grow under yellow-red dominated light in a tannin rich upper
estuary, green light in the middle estuary and blue dominated light in coastal sites. Dredge plumes

caused acute attenuation of red and blue wavelengths causing peak irradiance to shift towards yellow-

green light and subsequently exposed seagrasses to spectra outside of the natural range detected in this

study. The acuteness of this shift became more apparent with increasing depth. Therefore, it is likely
that this type of human pressure may add a condition to which seagrasses are not locally adapted.

Similar to other studies, the changes in spectral quality are mainly driven by changes in concentrations
of water quality parameters.
2.4.1

Light quality across a natural gradient and implications for seagrass responses

The results in this study were similar to others where CDOM was the strongest driver of light quality

changes in the estuary (Kirk 1994, Bowers & Mitchelson-Jacob 1996, Kostoglidis et al. 2005). Studies in
other locations have also reported that CDOM enriched waters absorb light strongly between 300 - 450
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nm (Scully & Lean 1994, Morris et al. 1995, Markager & Vincent 2000, Stedmon et al. 2000), thus the

remaining light quality shifts towards yellow-red light (Massicotte et al. 2013). Our data illustrates

analogous spectral profiles, with high CDOM concentrations resulting in the acute attenuation of blue

light, leading to yellow peaks (573 nm). Furthermore, CDOM had a stronger influence on Kd than TSS
(closely followed by Chl a) as it accounted for 41% of the variation in Kd, CDOM is known to affect water

quality and spectral quality in this manner in other estuaries (Clementson et al. 2004).

The clear temporal difference in CDOM was evident in the upper and middle estuary, where higher

CDOM concentrations in June 2014 coincided with the local high rainfall season (Kostoglidis et al. 2005),

thereby suggesting that seagrasses growing within estuaries are likely subjected to strong shifts
towards yellow and red light during these times. Furthermore, the spatial distinction in CDOM among

sites was apparent, and this raises questions about whether seagrasses have acclimated to local light

quality conditions (i.e. H. ovalis growing in the estuary vs. oceanic sites) and whether they are equipped
to respond to temporal and spatial changes in light quality. As seagrasses evolved from

monocotyledonous flowering plants (Les et al. 1997), we will refer to the literature on light quality

responses in terrestrial angiosperms in order to make suggestions regarding the possible implications
for seagrasses receiving yellow, red, green and blue shifted light.

Terrestrial angiosperms are affected by yellow and red light: the former causing reduced chlorophyll
and chloroplast formation in lettuce, reduced growth in cucumber (Dougher & Bugbee 2001, Su et al.

2014) and the latter generally associated with enhanced or inhibited seed germination (depending on

the relative increase or decrease in far-red light as well) (Raich & Khoon 1990, Victorio & Lage 2009).

While this study did not measure R: FR, previous work demonstrates that R: FR light also reduces under
seagrass canopies as evident in terrestrial habitats. In estuarine habitats, decreased branching and

increased internode length of Halodule wrightii was recorded in response to reduced R: FR ratios
(Tomasko 1992). Similarly, Rose and Durako (1994) found that the seagrass Ruppia maritima growing

in an estuary also responded to reduced R: FR light ratios with fewer nodes and branches compared to
plants grown under ‘normal’ ratios. These responses are congruent with shade avoidance in understory
terrestrial plants, and both studies demonstrate the capacity for two shallow water seagrass species to

respond to changes in light quality; particularly R: FR. Whether this response is likely in deeper water
is arguable, since red light is not present at depth in the water column.

It is reasonable to hypothesise that there may be ecological implications for seagrasses receiving
seasonal changes in CDOM and therefore shifts in peak irradiance towards yellow and red wavelengths,

particularly for seagrasses growing in estuarine sites which have life-history stages coinciding with
seasonal patterns (Kuo & Kirkman 1992). As will be shown in the following thesis Chapters (3, 4 and 5),

changes in light quality do affect seagrasses, and the implications of which are explored further in the
General Discussion (Chapter 6).
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Chlorophyll concentrations also tend to fluctuate over temporal scales. For example, in the Great Barrier
Reef Lagoon, Chl a values naturally increase in summer (December - April) and subside in winter (May

- November) (Brodie et al. 2007). Similarly, the higher chlorophyll concentrations recorded in this study,
chiefly within the estuary sites in February compared to June, could be attributed to a range of seasonal

factors (i.e. increased temperature and hours of sunlight) that create ideal conditions for algae and
cyanobacteria growth in summer (Rose 2005). While our study lacked the replication to definitively
show this was a true seasonal difference, it is likely that the conditions we measured were reflective of
typical conditions for those seasons.

However, the difference in Chl a between February and June was not apparent in the light attenuation

data. Even though concentrations of Chl a were higher in February 2015 the Kd values were greater in
June, indicating that CDOM is the stronger driver of Kd within the Swan-Canning Estuary. The reason Chl

a had a relatively lower effect was because it has a lower impact on light absorption compared to CDOM
in the range that it was present, and other studies have found that attenuation by chlorophyll is a minor
component of total attenuation in many shallow estuarine areas where CDOM is the main driver
(McPherson & Miller 1987, Gallegos 1994).
2.4.2

Light quality shifts caused by dredging and implications for seagrass responses

The significant contribution that TSS made to the variation in Kd was most likely driven by the higher

TSS values within the plume, which was greatest compared to all other sites. As expected, TSS

concentrations caused a shift towards green-yellow light which was similar to the shifts produced at the
estuary entrance or middle estuary at shallow sites, however, the stronger attenuation of red light at the
3.5 m plume site shows a spectral curve unlike those demonstrated within the natural variability of

spectral quality in this study. The attenuation of red and blue light has obvious implications for
photosynthetic organisms as chlorophyll absorption peaks are in these regions of the visible spectrum
(McCree 1971) and light quality experiments on terrestrial angiosperms demonstrate that several

species grow well under combinations of red plus blue light (Goins et al. 1997, Yorio et al. 2001).

Therefore, a decrease in red and blue wavelengths might lead to reduced photosynthetic rates and
growth in seagrasses.

Factors other than the concentration of TSS can influence the attenuation of different wavelengths of
light. Our data hints at the presence of non-linear effects on light quality as the temporal difference in

Kd (measured at 1 m at the plume site) could not be explained by temporal changes in TSS alone. This

could be due to sediment characteristics that were not measured; for example, mineral particles cause

stronger attenuation of blue light compared to red as they are highly reflective (Bowers & Binding 2006)

and iron content of mineral particles further alter light abortion properties (Babin & Stramski 2004).

Additionally, the dredger may have been excavating at different layers in the sediment between June

2014 and February 2015, and perhaps different levels of organic matter (or mineral particles)

contributed to the greater attenuation in June 2014. Regardless of the causation of the aforementioned
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factor, it is clear that the plume produced a distinct spectral quality that was different to most of the

others. Therefore, it is worth contemplating whether seagrass growing at the near-coastal and plume

sites have the same ability to acclimate to different light conditions as those in the upper Swan-Canning

Estuary.

As differences in both spatial and temporal changes in light quality were evident at the plume site

compared to the near-coastal site, the implication for seagrasses would be a requirement to acclimate
to local conditions in order to enhance survival through sporadic light altering events. As seagrasses

have evolved in environments with variable light climates, it is likely that they are acclimated to

receiving a range of TSS concentrations and are equipped with responses that facilitate their survival
through the poor light conditions. For example, increased photosynthetic efficiency, decreased Ek and

changes in chlorophyll content are all photo-acclimatory responses that have been reported in

seagrasses to enhance survival under reduced light (Abal et al. 1994, Lee & Dunton 1997, Longstaff &

Dennison 1999, Durako et al. 2003, Collier et al. 2008). Additionally, seagrasses growing in deep waters

(>15 m) are already acclimated to low light conditions (York et al. 2015) and therefore may also be

acclimated to receiving an altered spectrum. In order to adjust to survive the seasonal variability in light
(i.e. due to turbidity associated with annual wet-season flooding and high rainfall), tropical seagrass

meadows have also demonstrated a level of acclimation by coinciding growth periods with periods of

high light (July - December) followed by mass natural die-back with the subsequent growing season
supported by recruitment through seed banks (Rasheed 2004, Hammerstrom et al. 2006). This life cycle
strategy allows meadows to re-establish after periods of intense dredging (York et al. 2015). In fact,

evidence suggests that deep water seagrasses are better at recovering after weather related
disturbances compared to shallow meadows (Rasheed et al. 2014). Therefore, the responses of these

seagrasses to changes in light quality might differ to those growing in clear-shallow systems.
2.4.3

Future research

This study, conducted in one region across a water quality gradient, and with one type of disturbance,

dredging, identified significant variation in the spectral light that seagrasses receive. To gain a better
understanding of the spatial and temporal variation in spectra future studies should perform a greater

number of spectral profiles and water quality measurements in more locations and across a range of

temporal scales (i.e. the WA coastline, spring vs. autumn). These collections should also target a range

of disturbances in water bodies such as microalgal blooms (i.e. microcystins vs. diatoms) in a range of
water bodies. With regards to dredging plumes, the particle type should also be included in analysis, and

it should be noted that other impacts of dredging due suspended sediments were not considered in this

study (i.e. burial of seagrasses/ smothering of leaves, toxicity etc.) but should be in future work. Water

quality variables could also be used to predict spectra using a bio-optical model and subsequently
utilised for predicting light quality shifts in seagrass meadows.
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2.4.4

Conclusions

This study provided information regarding the variability of spectral quality across a natural ocean-

estuarine gradient as well as comparing the range of spectra to which seagrasses are exposed under

a local dredge plume. The spectra measured beneath the plume at the deeper site (> 3 m) was outside
of the natural range measured in this study, hinting at a potential cause for concern as previous studies

have shown a negative response of terrestrial angiosperms to yellow and green light, and in addition,
seagrass responses to changes in light quality are not well known. However, the ability for seagrasses

to acclimate to local conditions may aid in their persistence through periods of altered light quality

(natural or otherwise). This chapter highlights that significant spectral shifts in light do occur in both

natural and anthropogenically modified environments and that these may have implications for
seagrass growth and the management of anthropogenic activities to minimise impacts to seagrasses.
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CHAPTER 3
3. Seagrass Halophila ovalis is affected by light quality across different life history
stages
Abstract
Seagrass meadows provide crucial ecosystem services to the coastal zone but are threatened globally.

Seagrass loss to date has mainly been attributed to anthropogenic activities that reduce light quantity
(PPFD), such as dredging, flooding and eutrophication. However, light quality (wavelengths of light

within the visible spectrum) is also altered by these anthropogenic stressors. This study addressed the
effect of light quality changes on seagrasses. Aquarium-based experiments were conducted to

determine whether the seagrass Halophila ovalis (R.Br.) Hook f. responds to different light quality

treatments. Separate experiments were performed in which adults, seeds or seedlings were subjected

to monochromatic light treatments in the blue (peak λ=451 nm); green (peak λ=522 nm); yellow (peak

λ=596 nm) and red (peak λ=673 nm) wavelengths with a control of full-spectrum light (λ=400 – 700
nm, at 200 µmol photons m-2 s-1). This study is unique in that it measured seagrass responses to light

across several plant scales (physiology, productivity, morphology and biomass) as well as across life

history stages (seeds, seedlings, adults and flowering). Adult plants responded differently to seeds and
seedlings but were generally consistent with terrestrial angiosperms: blue light decreased below-

ground productivity; green light influenced morphology (through increased rhizome internode length);

red light enhanced seed germination and survival. The findings indicate that both natural and humaninduced changes in light quality, could significantly affect seagrass growth and reproduction. As a range

of anthropogenic activities are currently contributing to the global losses of seagrasses, this research
provides timely information on how light quality influences different seagrass life history stages.

3.1 Introduction

A plant’s life cycle is inextricably linked to changes in light quality, the composition of the wavelength-

specific radiation within the electromagnetic spectrum (from UV to far-red light 310-760 nm) and light
quantity (PPFD). In terrestrial plants, critical plant processes influenced by light quality include setting

of circadian rhythms, flower induction, seed germination, photosynthesis and adult and seedling growth
(Fankhauser & Chory 1997, Whitelam & Halliday 2008). Due to the shared ancestry with terrestrial

plants, seagrasses would be expected to have the ability to detect and respond to shifts in the quality of

light in much the same way. However, due to their long evolutionary history in the marine environment,
up to 85 MY (Les et al. 1997), and the spectral attenuation through sea water, seagrasses may have

developed different sensitivities and responses to changes in light quality.

Terrestrial plants perceive, monitor and respond to changes in light quality through photoreceptors that

initiate signal transduction cascades leading to a range of physiological, growth and morphological
responses. The phytochrome family (phyA-phyE) efficiently absorbs red and far red light, whereas
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cryptochromes (cry1 and cry2) and phototropins (phot1 and phot2) mainly absorb UV-A and blue light

(Casal 2000). The effect of illuminating terrestrial plants with different monochromatic light has been

measured in many species (Figure 1.1). Examples include the decrease in yarrow (Achillea millefolium)

and cucumber seedling (Cucumis sativus) biomass in response to blue light, as well as reduced rooting

in yarrow and Phyllanthus (Phyllanthus tenellus) (Victorio & Lage 2009, Su et al. 2014, Alvarenga et al.

2015). Oftentimes there is variability among responses to light quality across the plant scale, for

example, maximal photochemical efficiency and quantum yield of PSII of leaves growing under blue light
was significantly higher than control light whilst biomass under blue light was significantly lower than
control light (Su et al. 2014). Furthermore, responses are often species specific; monochromatic blue

light enhanced germination in orchids (Cattleya walkeriana) but not in foxtail amaranth (Amaranthus
caudatus) seeds (Nowak et al. 1996, Islam et al. 1999) (Figure 1.1).

The wide range of plant responses to light quality reflects adaptations to habitats that undergo spectral

shifts both in space and over a range of timescales. For example, in terrestrial ecosystems, light quality
changes through forest canopies as the upper foliage absorbs blue and red light, with understory plants

receiving reduced quantity and a green enriched quality of light (Folta & Maruhnich 2007). Plants can
respond to this under-canopy light by altering their morphology i.e. shade-avoidance response (Neff et

al. 2000). Green light has been shown to induce rapid elongation of etiolated seedlings (that have

negligible chlorophyll) and is efficiently transmitted through the leaves as much as other visible
wavelengths (Folta 2004, Folta & Maruhnich 2007). In aquatic, estuarine and marine ecosystems, a

number of factors can drive strong shifts in light quality. Red light is rapidly attenuated by water so that

blue light dominates at depths greater than about 10 m in low-CDOM and oceanic systems (Kirk
1994)(Chapter 2). Suspended particles in the water, such as sediments and photosynthetic biota, and

dissolved materials such as CDOM all affect the absorbance or scattering of light (Kirk 1994). For

example, coastal waters with significant run-off or river input from forested watersheds expel high

concentrations of CDOM, which exponentially absorbs short wavelength radiation and leads to a redshifted light field (Kirk 1994)(Chapter 2). Consequently, the spectral quality of light changes with depth

but can also vary among locations of the same depth depending on the particulate and dissolved
components of water. As light quality underwater changes according to depth and the inherent optical
properties of components within the water (Kirk 1999), it is likely that submerged aquatic vegetation
respond to these shifts.

Seagrasses are a polyphyletic group of marine angiosperms that evolved from monocotyledonous
flowering plants ~ 85 MY ago (Les et al. 1997). They form meadows in shallow waters of the coastal

zone, where they provide significant ecosystem functions and services (Orth et al. 2006) such as food

and habitat for fauna (Heck et al. 2003), sediment stabilisation (Koch et al. 2006), carbon storage and
high primary productivity (Orth et al. 2006, Lavery et al. 2013). Seagrasses have a high light requirement
(Longstaff 1999) and their accelerating global decline has been attributed primarily to human activities
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that reduce light and water quality, such as eutrophication, sediment loading and dredging (Erftemeijer
& Robin Lewis III 2006, Orth et al. 2006, Waycott et al. 2009), as well as climatic stochastic events

(extreme temperatures and rainfall) (Fraser et al. 2014, Thomson et al. 2015). While the effects of

reduced light intensity are well documented (Ralph et al. 2007, McMahon et al. 2013), very little is

known about how shifts in light quality affect seagrass growth and reproduction (York et al. 2016).

The few studies carried out on seagrasses have demonstrated responses to shifts in light quality. In adult
marine plants Ruppia maritima and Halodule wrightii, there are reports of reduced branching in both

species and increased internode length in H. wrightii in response to a reduction of the red to far red ratio

(R: FR) (Tomasko 1992, Rose & Durako 1994). Seagrass seedlings (Thalassia hemprichii) exhibited
enhanced growth in blue compared to red light (Soong et al. 2013), whereas the common response of

many terrestrial angiosperms is enhanced seed germination under increased red light (in proportion to
FR) (Vázquez-Yanes & Smith 1982, Smith & Whitelam 1997). This contrast hints at potential differences

in the response of aquatic and terrestrial angiosperms to changes in light quality.

This study tested the responses of the widespread seagrass H. ovalis to monochromatic light treatments

(blue λ=451 nm; green λ=522 nm; yellow λ=596 nm and red λ=673 nm). As light is considered the most
important factor in controlling H. ovalis growth (Hillman et al. 1995), it was expected that biomass
would be reduced in blue, green, yellow and red monochromatic light compared to full-spectrum light

(at a constant light quantity), and that responses would not necessarily be consistent across the plant
scale i.e. some colours induce increases in photo-physiology variables (e.g. photosynthetic efficiency)

but reduced biomass (relative to controls) as measured in terrestrial species. To assess if the different
life history stages responded in the same way to different monochromatic light treatments, experiments

were conducted on adult plants, seeds and seedlings.
3.2 Methods
3.2.1

Experimental design and set-up

In three separate experiments, the effect of monochromatic light quality treatments on different life
history phases of the seagrass H. ovalis: 1) adults, 2) seeds, and 3) seedlings were tested.

Adult experiment: The single fixed factor ‘Light quality’ had five levels: full-spectrum (λ 400 – 700 nm),
blue (peak λ=451 nm), green (peak λ=522 nm), yellow (peak λ=596 nm) and red (peak λ=673 nm) light.

For each level, four replicate aquarium tanks (54 L) were established (total n=20 independent glass

tanks). Controls and treatments were randomly allocated, and each tank was isolated using PVC boards

and shade cloth to ensure no leakage of light from surrounding treatments. Tanks were lined to 10 cm
depth with unsorted washed quartz river sand containing (1.3%) shredded seagrass wrack as a nutrient

supply (Statton et al. 2013) and filled with 52 L of seawater (salinity 35). The water in each tank was re-

circulated through an individual sump with a pump and filter (300 μm foam block) ensuring each
replicate tank was independent.
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Light treatments were provided by aquarium Light Emitting Diode (LED) modules (MarinTech™)
customised to a spectrum similar to sunlight on a 12 hr light/dark cycle. Each treatment was
standardised to the same amount of photons (energy per photon per treatment displayed in Table 3.1
and transmission spectra per treatment are displayed in Figure A3.1, Appendix) and received 200 µmol

photons m-2 s-1 at the top of the canopy, measured by an underwater Li-Cor (LI-192) quantum sensor.

Control tanks received light directly from the modules and light quality treatments were imposed by
placing colour filters (Rosco heat resistant gel filter sheets) underneath the LED modules: Yellow using

‘Canary Yellow’; Red using ‘Fire’ and Blue using ‘Night Blue’. However, for the green treatment, aquarium

lights containing all green LED’s were used, as the quantity could not be achieved using a filter. Light
quality was measured using an underwater hyperspectral radiometer from In-situ Marine Optics

(USSIMO). Water temperature and salinity were monitored every two days using a conductivity meter
(WTW™) and the temperature maintained at 20 - 21 ˚C, and salinity within 35-36.

Table 3.1: The amount of energy per photon per light quality treatment (based on peak wavelength
emission) that H. ovalis adults, seeds and seedlings were exposed to during the experiments.
Light quality treatment

Peak emission λ (nm)

Energy per photon (Joules)

Green

522

3.8055 ⋅10−19

Blue

Yellow
Red

451
596

4.4045 ⋅10−19
3.3330 ⋅10−19

673

2.9516 ⋅10−19

Note that energy was calculated as follows:
𝑒𝑒 =

c∙h
λ

Where e is energy in joules, c is light velocity (299 792 458 m/ sec), h is Planck’s constant
(6.6260695729 ⋅10−34) and 𝜆𝜆 is Lambda which represents wavelength (nm).

Study site: H. ovalis ramets were collected in August 2014 from close to the mouth of the Swan River

estuary, south-west Western Australia (32°1’45.67"S, 115°45’43.61"E). The collection site was very

close in proximity to the estuary entrance site described in Chapter 2. Seasonal changes in water quality
have been associated with periods of high rainfall (with 80% of the catchments rainfall occurring in the

austral winter) which increased the concentrations of CDOM to the point where 66% of the variation in
light attenuation within this estuary was explained by CDOM alone (Kostoglidis et al. 2005). Light

quality and quantity at the site is influenced by seasonal periods of high CDOM concentrations but can
also represent clear-oceanic downwelling irradiances (Chapter 2), which demonstrates some of the
spectral range that H. ovalis is exposed to at this site.
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Plant collection: At the time of collection the salinity was 34 and water temperature 18˚C. Ramets with

at least five leaf pairs behind the apical meristem were haphazardly collected by gently excavating the

sediment at the edge of the meadow along a 1.5 km stretch in order to avoid spatial non-independence.

They were stored in a container with seawater for transportation and planted within two hours of

collection. Ramets were standardised to three shoots behind the apical meristem (by cutting with a
razor blade) and ten were randomly assigned to each tank, planting at least 1 cm below the sediment
surface. They were acclimated for two weeks under control conditions, as described above. To
determine the health of plants prior to experimentation the maximum quantum yield of PSII was
measured with a WALZ Pulse amplitude modulated (PAM) diving fluorometer at the time of collection
and after acclimation. Recorded values for both field and aquarium acclimated plants were similar and

in the range identified as healthy, 0.73 - 0.75, suggesting that aquarium plants had successfully
acclimated (Ralph & Burchett 1995). To determine growth rates over the experimental period, growing

tips of each ramet were tagged by placing PVC-coated wire over the rhizome behind the youngest leaf
pair.

Experimental measurements: At the end of the experiment (30 days) a range of measurements were

taken reflecting different scales of plant response (Table 3.2, Table 3.1A, Appendix). All ramets were

gently removed from the tanks and stored at -20˚C (apart from pigment and carbohydrates samples
which were stored in the dark at -80 ˚C) prior to processing.
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Table 3.2: Dependent variables measured at the end of the H. ovalis adult experiment.
Variable type

PHYSIOLOGY
Photosynthetic characteristics: ETRmax, AF, Ek, α
Pigments: xanthophylls, chlorophyll
Carbohydrates: rhizome carbohydrates, leaf
carbohydrates
BIOMASS & DENSITY
Total biomass, above-belowground biomass ratio,
leaf density
GROWTH
Leaf, root and rhizome productivity
Shoot mortality, shoot production,
Rhizome extension rate
Branching
Flowering
MORPHOLOGY
Leaf area
Petiole, internode and root length

Measured unit

Three mature leaves
Six mature leaves (pooled into 2 replicates)
Three ramets (pooled into 1 replicate)
Entire tank
Tagged ramets
Tagged ramets
Tagged ramets
Tagged ramets
Entire tank

Tagged ramets
Tagged ramets

Photosynthetic characteristics: Before harvesting, photosynthetic characteristics were measured

using rapid light curves (RLC) on three mature leaves per tank. Leaf clips were placed adjacent the

central vein and leaves exposed to increasing PPFD values (0, 3, 11, 45, 70, 102, 179, 271, 373 µmol

photons m-2 s-1 for 10 s) (Ralph & Gademann 2005). PAM settings were as follows: measuring light: 8,

saturating pulse: 8 sec, gain: 5 and light curve width: 10 sec. The absorption factor (AF) for each leaf was
determined following Beer and Björk (2000) and the Electron Transport Rates (ETR) calculated

following the standard RLC protocol (Beer et al. 2001). The ETR-Irradiance curves were fitted to the

equation described by Jassby and Platt (1976) to estimate ETRmax, photosynthetic efficiency (α) and

saturating irradiance (Ek) using SigmaPlot (version 7). In addition the maximum quantum yield of PSII
was also measured on three mature leaves.

Pigment analysis: Chlorophyll a and b (µg pigment g-1 FW leaf tissue) and the xanthophyll ancillary

pigments were measured following Collier (2006). Supernatants were analysed using high performance
liquid chromatography (HPLC) comprised of a 600 controller, 717 plus refrigerated autosampler and a

996 photodiode array detector with a β,β carotene standard (Plazaola & Esteban 2012). Chlorophyll

concentrations were determined using equations based on Wellburn (1994) and the total xanthophyll
concentrations were pooled.

Biomass and leaf density: For each tank, all plant material was harvested, rinsed in seawater, scraped
free of epiphytes and leaves counted, then sorted into leaves plus petioles (above-ground) and rhizomes
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plus roots (below-ground). Plant material was dried at 60oC for 48 hrs and the dry weight (DW) of each
component measured.

Carbohydrates: Carbohydrate analysis was performed on leaf and rhizome material from three pooled

ramets per tank using a minimum weight of 75 mg DW. Dried material was homogenized and ground

into a fine powder, then leaf and rhizome samples were analysed separately for soluble sugars and
starch content using enzymatic procedures adapted from McCleary and Codd (1991).

Growth: A number of growth measures were estimated: leaf, root and rhizome productivity (mg DW

apex-1 d-1), shoot production (shoot apex-1 d-1), shoot mortality (shoot apex-1 d-1), rhizome extension (cm

apex-1 d-1) and branching rate (no. secondary branches) from tagged ramets.

Morphology: Plants from each tank were photographed and the images from three mature shoots

behind the apex were used to measure leaf area (cm2), petiole length (cm), internode length (cm) and

root length (cm) in the program Image J ©. A mean per tank was calculated.

Flowering: Flowering occurred during the experiment and the number of male and female flowers that
emerged was counted over the period of the experiment.

Seed germination and seedling survival experiments: Whole fruits were collected in February 2015
from the same site as adults. They were incubated in the dark at 15˚C, as pilot work indicated
germination did not occur under these conditions, until the fruits dehisced after nine weeks, then seeds
were collected. In each tank, ten circular plastic tubes were inserted into the sediment and ten seeds
planted just below the surface. The tubes marked the location of planted seeds allowing easy retrieval;

they were not considered replicates. Care was taken to ensure that each seed was only exposed to the

experimental light colour as small quantities of light can influence germination (Baskin et al. 2006);
hence there was no full-spectrum light acclimatisation period.

A protocol developed from preliminary H. ovalis seed germination experiments, which indicated
germination was maximised (~30%) with temperature ‘ramping’ (three weeks at 15 ˚C, followed by

three weeks at 20 ˚C, then three weeks at 25 ˚C, J. Statton pers comm) was followed. The number of
germinated seeds per tank was monitored daily by counting emergent leaves from the start of the 20 ˚C
ramping until the end of the experiment (14 July 2015). Then four randomly selected tubes were

removed and the number of germinated and viable seeds per tank counted. Germinated seeds were

identified if the hypocotyl breached the seed coat and viable seeds were identified with a squeeze test
(Marion & Orth 2010). Viable seeds are capable of germinating under suitable conditions, and non-

viable seeds fail to germinate even under optimal conditions (Bradbeer 1988). The number of remaining

viable seeds, number of germinated seeds and the percent of viable seeds germinated was calculated for
each tank.
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The remaining six tubes per tank not harvested at the end of the seed germination experiment were left

in place to assess seedling survival. However, due to the very low germination rates under blue

(0.005%) and green (0.01%) light, these treatments could not be included in the experiment. For the
red, yellow and control light treatments, seedling survival was assessed from the surviving 59 seedlings

on a daily basis by recording the number of seedlings alive per tank over four weeks (17 July to 8 August
2015).
3.2.2

Statistical analyses

A multivariate approach was taken to analyse the effect of light quality (fixed factor) on the response of

adult plants using PRIMER v7 and PERMANOVA+ 2015 (PRIMER-E, Plymouth, UK). Of the variables
measured at the end of the adult experiment (see full list of 29 variables in Table 3.1A, Appendix), a

subset of 23 variables (Table 3.2) were selected based on an assessment of co-correlates. Once the

related variables were removed, all 23 response variables identified in Table 3.2 were included and

normalised. A test for homogeneity of variance was performed (PERMDISP) and a permutational

analysis of variance (PERMANOVA) run on the resemblance matrix (created using Euclidean distance).

Subsequently, a permutational pair-wise test was performed to determine which levels of treatment
were significantly (p < 0.05) different from each other. For the significant pair-wise results, Similarity

Percentage (SIMPER) analysis was then used to determine which response variables were contributing
most to the differences. Individual PERMANOVAs were carried out on variables identified as important

by the SIMPER analysis, to further confirm which levels of treatment were significantly (p < 0.05)

different from each other at an individual response level. Originally SIMPER was used to identify species

driving patterns in multidimensional space, but it is also appropriate for other forms of data (Clarke et
al. 2014). To illustrate the differences among treatments a metric multidimensional scaling (mMDS) plot

(Kruskal 1964) was created and the average for each treatment with an 80% confidence interval was

plotted using the Bootstrap Averages routine (Clarke & Gorley 2015). For the seed germination and

seedling survival data, a univariate approach was used because there was only one response variable
per experiment yet it was still carried out in PRIMER and PERMANOVA as described above. However,
as these analyses were univariate, a SIMPER and mMDS were not required.

3.3 Results
3.3.1

Adult experiment

PERMANOVA indicated a significant (p < 0.05) effect of light quality on adult H. ovalis plants (Table 3.3).

The subsequent pair-wise PERMANOVA test indicated that all monochromatic light treatments, with the
exception of red, were significantly (p < 0.05) different to the full-spectrum controls. Furthermore, the
blue treatments were significantly different to the yellow treatments (Table 3.3, Figure 3.2).

Table 3.3: Significant results from PERMANOVA analysis examining the effect of light quality (one fixed

factor) on response variables in the adult experiment. Results are significant if p < 0.05.
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MAIN TEST
Adult experiment variables

SIGNIFICANT PAIR-WISE TESTS
Control, Yellow
Control, Blue
Control, Green
Blue, Yellow

d.f
19

MS
40.45

F
2.2

Unique Perms
999
35
35
35
35
35

P
< 0.001
< 0.05
< 0.05
< 0.05
< 0.05
< 0.05

The SIMPER analysis indicated that the differences among light quality treatments were driven by a

combination of physiological, growth, biomass and/or morphology variables (Table 3.4), with the

relative importance of these variables differing according to the treatment. Overall, the short
wavelength treatments (blue, green and yellow) differed to the controls, whereas long wavelength
radiation (red light) did not contribute to any of the differences among treatments. This pattern was

evident from the MDS where red treatments grouped closer to the controls, whereas blue, green and

yellow treatments grouped on the opposite end of the MDS1 axis (Figure 3.1). In particular, below-

ground productivity (root productivity, rhizome productivity and rhizome extension rate) declined in
blue, green and yellow treatments compared to the controls. However, it was only in the blue light
treatment where the reduction in root productivity was significantly lower than the controls, and

translated into a meadow scale response, with lower total biomass and leaf density (Table 3.4, Figure
3.3). Furthermore, changes in photosynthetic parameters were only observed under blue light, where

the efficiency of photosynthesis (α) was significantly higher compared to full-spectrum light (Figure
3.3). This result is further illustrated by the pattern of separation across the MDS1 axis (Figure 3.1),

which was greatest between control and blue treatments. Additionally, for green light, an increase in

rhizome internode length was measured compared to the controls. The difference between blue and
yellow treatments was mainly driven by photosynthetic variables (α and AF), which were both higher

in blue treatments. Additionally, ramet productivity and above: below ground biomass were inversely

related among light quality treatments (Figure A3.2, Appendix). Several of the aforementioned patterns
are simplified in univariate plots (Figure 3.3)
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Figure 3.1: 2-D mMDS displays the group means surrounded by a corresponding bootstrap region (with

80% confidence interval at 100 bootstraps per group) of the replicate H. ovalis adult plant samples

grown under different light quality treatments.

Figure 3.2: Summary of H. ovalis photo-physiology, adult plant, meadow scale, seed germination (%) and
seedling survival (%) responses to monochromatic (blue, green, yellow and red) light quality treatments

compared to full-spectrum light (arrows). Seagrass images by Catherine Collier, Integration and

Application

Network,

University

(http://ian.umces.edu/imagelibrary)

of

Maryland
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Center

for

Environmental

Science

Table 3.4: SIMPER summary table indicating which variables contributed to the observed average distances between the light quality treatment groups
(cumulative % cut-off at >30%).
Treatment groups

Response variable

Control vs. Yellow

Rhizome productivity
Root productivity
Rhizome extension rate

Control vs. Blue

Control vs. Green

Blue vs. Yellow

Root productivity
Total biomass
Alpha (α)
Leaf density

Rhizome productivity
Rhizome extension rate
Root productivity
Internode length

Alpha (α)
Absorption factor
Above-below ground biomass ratio

Av. value

Av. value

Control
1.66
1.46
1.41
Control
1.46
1.07
-0.258
0.876
Control
1.66
1.41
1.46
0.133
Blue
1.76
1.32
-0.516

Yellow
-0.798
-0.733
-0.774
Blue
-0.735
-0.823
1.76
-0.631
Green
-0.294
-0.352
-0.127
0.4
Yellow
-0.769
-0.558
0.75
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Square distance/SD

Contribution%

1.42
1.25
1.77

13.19
10.78
10.04

13.19
23.97
34.00

1.40
1.14
0.92
0.89

9.06
8.67
7.95
7.22

9.06
17.73
25.68
32.91

1.24
1.31
2.48
1.30

3.30
1.12
1.04

11.35
8.56
8.47
7.93

15.15
10.69
8.06

Cumulative%

11.35
19.91
28.38
36.31

15.15
25.84
33.89

Figure 3.3: Response of H. ovalis adults to monochromatic light treatments. Data are means (±SE)

for rhizome productivity (A), root productivity (B), photosynthetic efficiency α (C) and total
biomass (D) in response to monochromatic and full-spectrum light. Different lower case letters

denote significant differences (p < 0.05) among values when a significant difference was detected.
3.3.2

Seed germination and seedling survival experiment

There was a significant effect of monochromatic light treatment on the germination of viable H.
ovalis seeds (df =19, F 11.08, unique perm 999, p < 0.01), with controls significantly higher than

the green and blue treatments (Figure 3.4A). Significantly higher germination occurred in red

compared to blue (unique perm 5, p < 0.05) and green (unique perm 7, p < 0.05) treatments.
Similarly, significantly higher germination in yellow occurred compared to the blue (unique perm
6, p < 0.05) treatments (Table A3.2, Appendix).
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A significant effect of monochromatic light treatments was also detected for seedling survival
over 23 days (df 11, F 5.9, unique perm 144, p < 0.05). Seedling survival was significantly higher

in the red treatments compared to the controls (unique perm 8, p < 0.05), with yellow
intermediate and not significantly different to either the controls or red light treatment (Figure
3.4B, Table A3.2, Appendix).

Figure 3.4: H. ovalis seed germination (A) and seedling survival (B) in response to monochromatic

light treatments. Different lower case letters denote significant differences (p < 0.05) among
mean values (±SE) when a significant difference was detected. (NB: Blue and Green treatments
were not conducted in the seedling survival experiment).
3.4 Discussion

This study demonstrated that H. ovalis is sensitive to yellow, green and blue wavelengths that

negatively impacted below-ground productivity and led to decreased biomass under blue light.

Furthermore, seed germination and seedling survival were enhanced by red and yellow light. The
responses of different life history stages of H. ovalis to monochromatic light quality varied, yet in

general were congruent with terrestrial plant responses. This suggests the underlying
mechanisms driving light quality responses in terrestrial plants (i.e. photoreceptors) are likely
present in seagrasses, despite 85 millions of years of evolution in environments with different
light characteristics.
3.4.1

Adult experiment

A significant negative effect on H. ovalis plants was observed in blue light where reduced root

productivity, which has been measured in other studies of terrestrial plants (Victorio & Lage

2009, Baque et al. 2011), led to a reduction in biomass and leaf density compared to controls.
However, the higher photosynthetic efficiency (α) in the blue treatments did not result in an

increased ETRmax, which suggests that the increase in α was an adjustment to attempt to maintain
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a positive carbon balance as reported for riverine H. johnsonni (Kahn & Durako 2009). Similarly,

H. johnsonii populations from riverine locations (strongly influenced by CDOM) exhibited higher
gross photosynthetic rates and quantum efficiencies than marine inlet plants (low-CDOM

environment) at the short wavelengths (350, 400 and 450 nm) (Kahn & Durako 2009).

Furthermore, we also suggest that the increased photosynthetic efficiency in the blue could have
been due to the nature of blue light, specifically, due to its higher frequency as it has more energy

per photon (than red light). However, this may not have led to increased ETRmax due to the
possibility of non-photochemical quenching (NPQ) and photoinhibition (Sun et al. 1998).

Our results also show reduced below-ground productivity (rhizomes and roots) under yellow and

green light, but this did not lead to significantly lower biomass compared to plants growing under
control lights. This may indicate a switch between below-ground production to above-ground

production in an attempt to acclimate to green and yellow light conditions.

It was previously assumed that green light was inefficient at driving photosynthesis because of
its low absorption by chlorophyll, however, there is now evidence suggesting that green light

supports photosynthesis within deep-tissue chloroplasts (Sun et al. 1998) and the rate of

photosynthesis is capable of supporting plant growth at saturating intensities of green light (i.e.
100 to 200 μmol photons m-2 s-1) (Golovatskaya & Karnachuk 2015). Whilst seagrasses have

chloroplasts in the epidermal cell layers (Tomlinson 1980), the reflected green light within these

chloroplasts could be absorbed as it is in terrestrial leaves (Sun et al. 1998). For example, a study
of another seagrass, Zostera marina, used layers of green algae (Ulva intestinalis) to alter the

quality of light received by the seagrass towards green and showed that saturating irradiance and

ETRmax were not significantly impacted (Mvungi et al. 2012). Some pigments, such as carotenoids,
absorb green light and transfer excited photons to reaction centres to be used in photosynthesis

(Salisbury & Ross 1992), and have been shown to increase electron transport in Amaranthus

cruentus (Ptushenko et al. 2002). Our research also did not find a strong effect of green, yellow
and red light on photosynthetic performance or pigment content compared to control lights,

therefore these monochromatic lights may be effective at driving seagrass photosynthesis using
the same underlying mechanisms that are present in terrestrial angiosperms.

The discrepancy between the lack of photosynthetic response in yellow and green light and a

reduced productivity response in this experiment was evident in other studies. For example,
lettuce (Lactuca sativa) grown under broad spectrum light (blue-green-yellow-red) had a higher
biomass compared to plants grown under green fluorescent light (500 – 600 nm) though there

was no significant difference in chlorophyll content between the treatments (Kim et al. 2004).

Similarly, green and yellow treatments significantly impacted cucumber (Cucumis sativus) growth
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but not chlorophyll content when compared to a broad spectrum white light (Al-Wakeel & Hamed
1996, Su et al. 2014). Another experiment suggests that yellow light suppresses chlorophyll and
chloroplast formation in lettuce (Dougher & Bugbee 2001), which may have explained the
inhibition of plant growth under yellow light. There may be an underlying mechanism that was

not measured in this study that could account for the discrepancy between physiology and
growth responses, such as chloroplast formation/structure, rubisco content, cell expansion or

phytohormone concentrations (auxins, gibberellins etc.) (Dougher & Bugbee 2001, Drozdova et

al. 2001, Dougher & Bugbee 2004, Canamero et al. 2006). Alternatively, the discrepancy could
relate to the use of the PAM fluorometer to measure photosynthetic characteristics. PAM

fluorometers emit bursts of white light to measure photosynthetic characteristics and, therefore,

the responses measured may not reflect those under the treatment in which the plant has been
subjected to (i.e. monochromatic green or yellow light). Consequently, the actinic light may have

confounded the photosynthetic response measured (in this study and in those mentioned above)

and future studies should use actinic light sources that are the same light quality as the one under
which the plants are being treated (Kim et al. 2004).

An interesting finding was observed in the green light treatments where rhizome internodes were

longer than in the controls, despite the lowered overall below-ground biomass that was
produced. This type of morphological response is similar to the “shade avoidance response”

(Casal 2012) where terrestrial plant form (and gene expression) is altered to best suit shade light,

predominantly green and far-red light (Klein 1992, Stamm & Kumar 2010). The green-absorbing

form of cryptochrome (cry1 and cry2) and an unknown green light photoreceptor may be the

underlying mechanism behind these plant responses (Folta 2004, Banerjee et al. 2007, Zhang et

al. 2011). Green light could provide an additional function similar to R: FR light in that it is crucial
for informing the plant of unfavourable light conditions (Folta & Maruhnich 2007). In the marine

environment, increased suspended sediment loads within the water column (Kirk 1994,
Longstaff 1999) reduce light quantity (Erftemeijer & Robin Lewis III 2006) and shift the spectra

towards green initially, then yellow with increased suspended sediment loads (Chartrand et al.

2012, Jones et al. 2015). The poor growth response of adult H. ovalis to monochromatic yellow

and green light may therefore reflect the likely response to a yellow-green shift under turbidity
plumes.

3.4.1 Seed experiment
The enhanced germination rate of H. ovalis seeds under red, and low germination under blue light
was analogous to the response of Myriophyllum spicatum (a submerged freshwater angiosperm)

to monochromatic light quality (Coble & Vance 1987). Conversely, our results differ from a light

quality experiment conducted on Thalassia hemprichii (seagrass species) which observed no
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significant effect of red light on early seedling leaf growth (Soong et al. 2013). As it is widely
accepted that phytochromes are important for mediating red light responses in terrestrial plants,
and that increases in R: FR often enhance seed germination rates (Whitelam & Smith 1991, Smith

& Whitelam 1997), perhaps phytochrome is active in H. ovalis, as it seems to be in both H. wrightii
(Tomasko 1992) and R. maritima (Rose & Durako 1994). Whilst photoreceptor analysis was

beyond the scope of this study, it is likely that this mechanism could be similar for H. ovalis in that

a higher proportion of red light indicates shallow or clear water, or a gap in the meadow canopy

and therefore, conditions conducive for germination and subsequent seedling survival. Further
studies of the H. ovalis and T. hemprichii phytochrome or genome sequencing would be required
to confirm whether phytochrome is absent in these species, as has been determined in the
seagrass Zostera marina (Olsen et al. 2016), and whether the same mechanisms that influence

seed germination in terrestrial plants are active in the germination of seagrass seeds.
3.4.2

Seedling experiment

High seedling survival in red (100%) and yellow (73%) light indicates that different life history
stages in H. ovalis are adapted to respond to different light quality cues in the environment. These
could be influenced by seasonal changes in freshwater inputs and runoff into estuaries and
coastal seas that result in large changes in salinity, nutrients, turbidity, CDOM and phytoplankton

blooms (Kirk 1994). This response contrasts with that of adult plants, which responded
negatively to yellow light suggesting maximum growth is linked to reduced freshwater inputs,
reflecting summer conditions in temperate estuarine systems.

Seed germination, seedling survival and adult responses may be influenced by seasonal shifts in
water quality within the Swan-Canning Estuary. For example, seed germination was reduced

under blue and green light and both seed germination and seedling survival were enhanced by
red and yellow light, which may reflect this species’ adaptation to a yellow and red enriched light

climate when seeds are released. Halophila ovalis fruits mature and release seeds between
February – April (Kuo & Kirkman 1992) and the high rainfall season occurs from May – August,

therefore, this timing coincides with the increase in CDOM and the subsequent shift to yellow/red
light – perhaps the enhanced germination of seeds reflects a response to their environment. The

adult response may also reflect seasonal changes in water quality as high CDOM levels in the

Swan-Canning Estuary during winter shift light quality towards yellow, which coincide with the
decline in growth pattern of H. ovalis, further suggesting maximum growth is highly linked to

reduced freshwater inputs (and increased temperatures) later in the summer. Blue light
negatively impacted both adults and seeds. Perhaps the seasonal high attenuation of blue light

has led to the population of H. ovalis growing within the Swan-Canning Estuary (< 2 m) has

acclimated to relatively red/yellow shifted light, which may explain their poor response to
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monochromatic blue light. Furthermore, the poor response to blue light may also be linked to
photo damage from the high energy wavelengths. Halophila ovalis also grows in oceanic deep-

water environments, where blue and green light dominate, but the light quantity at depth are
naturally reduced. Therefore, these findings need to be considered in light of the study site and

that it is possible that local acclimation may produce slightly different responses in other
locations. A clear example of a seagrass’ ability to acclimate to local conditions was a reciprocal

transplantation experiment of riverine and marine inlet H. johnsonni populations, where rapid
changes in photobiology and UV-absorbing pigment levels occurred within just 4 days (Durako et

al. 2003).

It is important to acknowledge that in this experiment the plants were treated with

monochromatic light in order to determine if H. ovalis is sensitive to changes in light quality. In
reality, marine plants are not subjected to such narrow wavelength bands; they would be exposed

to light dominated by a certain colour with a mixture of other wavelengths depending on water
quality conditions. For example, high concentrations of CDOM cause the water to take on a yellow

appearance, due to the stronger attenuation of the shorter wavelength of blue light (Stedmon et
al. 2000) and in chlorophyll-enriched waters red light and to a lesser extent, blue is highly
attenuated (Kirk 1994). Therefore, while the results in this paper show that H. ovalis does

respond to monochromatic light, the magnitude of the response under natural conditions, when
plants receive a combination of wavelengths under a range of water quality conditions, may be
more subtle. The responses may vary according to acclimation to the local habitat, and as such, is

an area that warrants investigation.
3.5 Conclusion

This research demonstrates that blue, yellow and green light negatively impacts growth of H.
ovalis adults (predominantly below-ground productivity), but not seed germination or seedling

survival, suggesting a life-history that is influenced by spectral shifts in light. Furthermore, green
or yellow light did not significantly affect photosynthesis at saturating irradiances, however, it

must be considered that light intensity reduces under most activities that cause a spectral shift in
light such as turbidity plumes; therefore, the interaction of these variables should be investigated.

Processes that affect light quality towards the blue (i.e. deep-water) or yellow-green region, such

as dredging, or river discharges high in CDOM concentrations could negatively impact seagrass

meadows through both reduced light quantity and an altered spectrum. Therefore, information
on light quality conditions that enhance or impact survival of different life history stages is
relevant for the conservation and management of marine plants, particularly restoration efforts.

Whilst none of the spectra caused mass death, the photosynthetic responses to light spectral
limitations is subtle and signifies the plasticity of H. ovalis.
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CHAPTER 4

4. Short-term responses of Posidonia australis to light quality
Abstract
Seagrass meadows are highly productive ecosystems that provide ecosystem services to the
coastal zone but are declining globally, particularly due to anthropogenic activities that reduce

the quantity of light reaching seagrasses, such as dredging, river discharge and eutrophication.
Light quality (the spectral composition of the light) is also altered by these anthropogenic

stressors as the differential attenuation of wavelengths of light is caused by materials within the
water column. This study addressed the effect of altered light quality on different life-history

stages of the seagrass Posidonia australis, a persistent, habitat-forming species in Australia.
Aquarium-based experiments were conducted to determine how adult shoots and seedlings
respond to blue (peak λ=451 nm); green (peak λ=522 nm); yellow (peak λ=596 nm) and red (peak

λ=673 nm) wavelengths with a control of full-spectrum light (λ=400 – 700 nm, at 200 µmol
photons m-2 s-1). Posidonia australis adults did not respond to changes in light quality,

demonstrating a capacity to obtain enough photons from a range of wavelengths across the

visible spectrum to maintain short-term growth at high irradiances. P. australis seedlings (<4
months old) grown in blue light showed a significant increase in xanthophyll concentrations

when compared to plants grown in full-spectrum, demonstrating a pigment acclimation response
to blue light. These results differed significantly from negative responses to changes in light

quality recently described for Halophila ovalis, a colonising seagrass species. Persistent
seagrasses such as P. australis, a persistent seagrass species, appears to be better at tolerating

short-term changes in light quality compared to colonising species when sufficient PPFD is
present.

4.1 Introduction
Terrestrial plants detect the light environment and modulate growth and development according

to both light quality (the composition of the wavelength-specific radiation within the visible

spectrum 400 – 700 nm) and light quantity (Photosynthetic Photon Flux Density, or PPFD)
(Fankhauser & Chory 1997, Whitelam & Halliday 2008). Light is sensed by photoreceptor

proteins that signal transduction cascades. These can lead to a range of physiological, growth and

morphological responses influenced by specific wavelengths of light received. The setting of

circadian rhythms, flower induction, seed germination, photosynthesis, adult and seedling
growth are all influenced by specific wavelengths of light (Fankhauser & Chory 1997, Chen et al.

2004, Whitelam & Halliday 2008). In the marine environment, light quality has also been found

to be important for marine angiosperm (seagrass) life history processes (Strydom et al. 2017a),
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but information on the influence of specific wavelengths of light for most species is limited (York
et al. 2016).

Seagrasses are a polyphyletic group of marine angiosperms that evolved from monocotyledonous
flowering plants ~ 85 MY ago (Les et al. 1997). They provide significant ecosystem functions and

services in shallow coastal environments globally (Orth et al. 2006). Degradation in water quality

(caused by a range of anthropogenic activities i.e. eutrophication, sediment loading and dredging)
that alters light throughout the water column is highlighted as a major contributor to global

seagrass loss (Erftemeijer & Robin Lewis III 2006, Waycott et al. 2009, Marbà et al. 2014) and

therefore the loss of these functions and services. These activities have the dual effect of reducing
the PPFD and altering the spectral quality of light. For example, suspended sediments produced

by dredging increase the attenuation of light within the water column (Kirk 1994, Longstaff &

Dennison 1999, Erftemeijer & Robin Lewis III 2006) and shift the quality of light towards green
or yellow wavelengths (Figure 4.1).

Figure 4.1: Downwelling irradiance [Ed (λ) W/m-2] measured underwater at locations where

seagrass meadows are present: estuarine, oceanic and within a dredge plume site. These data

were collected by S. Strydom and M. Slivkoff using an underwater hyperspectral radiometer

(USSIMO) from In-situ Marine Optics Pty Ltd. in the Perth Coastal Waters and the Swan-Canning

Estuary.

Seagrass species have similar response mechanisms to reduced PPFD (Ralph et al. 2007,

McMahon et al. 2013). For the majority of seagrass species a reduction in PPFD can result in
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physiological adjustments of photosystems for efficient capture and utilisation of available light,

remobilisation of carbohydrates as energy reserves to support biomass and reduction in growth

to maintain a positive carbon balance during periods of low photosynthetic activity (McMahon et

al. 2013). While the timing of responses are species-specific, generally they can be related to their
growth strategy. For example, fast-growing “colonising” species (e.g. Halophila ovalis) are
negatively and rapidly impacted by light reductions (Longstaff & Dennison 1999) while

“persistent” slow-growing species (e.g. Posidonia spp.) have similarly rapid photo-physiological

responses but display slower growth and morphological responses due to the buffering role of
substantial carbohydrate reserves within their rhizomes (Collier et al. 2009). Therefore, it is

likely that as a persistent species, P. australis may respond more slowly to altered light quality
compared to colonising species.

The effect of light quality (specific wavelengths of light) on growth of adult plants has recently

been reported for H. ovalis, where monochromatic blue, yellow and green light negatively
impacted below-ground productivity (Strydom et al. 2017a). For seagrass seeds and seedlings,

contrasting responses to different wavelengths of light have been reported for different species.
In Thalassia hemprichii, blue light stimulated seedling growth (at 50 µmol photons m-2 s-1) (Soong

et al. 2013), whereas in H. ovalis, red light enhanced seed germination and seedling survival (at

200 µmol photons m-2 s-1) (Strydom et al. 2017a). These differing responses to light quality may

reflect differences in photoreceptor composition among species. Photoreceptors are well defined
in terrestrial angiosperms: phytochromes efficiently absorb red and far red light; cryptochromes,

phototropins and the LOV/F-box/Kelch- domain proteins mainly absorb blue and green light;
while the photoprotection photoreceptor UVR8 senses UV-B light (Chen et al. 2004, Falciatore &
Bowler 2005, Christie 2007, Heijde & Ulm 2012). Genome sequencing of the seagrass species,
Zostera marina, reported a loss in three of the five phytochromes. However, sequences for both

PHYA and PHYB phytochromes (often associated with seed germination and several other red

light responses in terrestrial angiosperms) were present (Olsen et al. 2016). An alternative

explanation is that the different responses between different seed experiments were a response

to the use of different PPFD and saturating light, so further investigation into specific wavelengths
of light is required.

The aim of this study was to determine whether P. australis responds to specific wavelengths of
light (light quality) and whether any responses are consistent across adult and seedling life

history stages. The null hypotheses were: 1) adults and seedlings exposed to different
monochromatic wavelengths of light would show no differences across a range of physiological,
morphological and biomass measures compared to those grown in a full-spectrum treatment; and
2) there were no differences in the responses of adult and seedling plants.
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4.2 Methods
4.2.1

Experimental design and set-up

In two experiments, the influence of monochromatic light treatments were tested on P. australis

adults and seedlings separately with the single fixed factor ‘Light quality’ provided at five levels:
blue (peak λ=451 nm); green (peak λ=522 nm); yellow (peak λ=596 nm) and red (peak λ=673
nm) wavelengths and a control of full-spectrum light (λ=400 – 700 nm). Each treatment was

standardised to the same amount of photons (200 µmol photons m-2 s-1). Transmission spectra

for all of the treatments and full spectrum are displayed in Figure A3.1. For each level, four
replicate aquarium tanks (54 L) were established (total n=20 independent glass tanks). Light

treatments were randomly allocated to tanks, and each tank was isolated from the others using
PVC boards and shade cloth to ensure no leakage of light from surrounding treatments. Sediments

were added to the bottom of each tank to a depth of 10 cm with unsorted washed quartz river
sand containing (1.3%) shredded seagrass wrack to stimulate microbial activity and natural

nutrient availability (Statton et al. 2013, Fraser et al. 2016). Tanks were then filled with seawater

(salinity 35). The water in each tank was re-circulated through an individual sump with a pump
and filter (300 μm foam block) ensuring each replicate tank was independent. Water temperature
and salinity were monitored every two days using a conductivity meter (WTW™) and the
temperature maintained at 20 - 21 ˚C, and salinity within 35-36.

Light treatments were provided through aquarium Light Emitting Diode (LED) Grow8™ modules

(MarinTech Pty Ltd., ACT, Australia) customised to a spectrum similar to sunlight set on a 12 hr
light/dark cycle at 200 µmol photons m-2 s-1 consistent across all treatments (as measured at the

sediment surface using a MicroPAR quantum sensor from In-situ Marine Optics Pty Ltd., WA,
Australia). This experiment was carried out using the same aquaria set-up (light filters, aquarium

lights, sediment type, display tanks, sump tanks and foam block filters) as described in (Strydom

et al. in press). Full-spectrum tanks received light directly from the LED modules and light quality
treatments were imposed by placing yellow, red and blue colour filters underneath light modules
(Rosco heat resistant gel filter sheets, Figure 2). For the green treatment, aquarium lights

containing all green LED’s were used, as the PPFD quantity could not be achieved using a filter
(treatment spectra displayed in Figure A3.1, Appendix).
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Figure 4.2: P. australis seedlings were grown under yellow (top left), full-spectrum (top middle),

blue (top right), red (bottom middle) and green (bottom right) light in independent aquarium

tanks, with four replicates per treatment (n= 20 tanks, but only 6 are shown). Note that whilst

this image illustrates the seedling experimental set up, the same was used for the adult
experiment (image by Paul Armstrong).
4.2.2

Seagrass collection and acclimation

4.2.2.1 Seedlings
Mature P. australis fruits (see Statton et al. 2013 for maturity assessment methods) were collected
by hand in December 2014 at Garden Island, Western Australia (WA) (32°15’78”E, 115°70’00”S),
a temperate shallow meadow (3 m depth) where Posidonia spp. dominate. Multiple P. australis

fruits develop at the top of the peduncle (15 – 60 cm long), with one seed developing per fruit.

Fruits are buoyant, and the seeds lack dormancy and are direct developers and are already
germinating when fruits dehisce, and the seeds sink to the seafloor (Kuo 2011). At the time of

collection the salinity was 36 and water temperature was 18˚C. Fruits were placed into a large
holding tank with aerated seawater (temperature: 20˚C; salinity: 35) for one week allowing them

to dehisce seeds under ambient light (Statton et al. 2013). Individual seeds were weighed and
then transferred to individual experimental treatment tanks, with 50 individuals placed ~1 cm
below the sediment surface per tank and light treatments applied.
50

4.2.2.2 Adults
In January 2016, adult P. australis ramets were collected from Woodman Point, WA (-32.13331,

115.74487), from a mixed species meadow at 2 m depth containing P. australis with P. sinuosa, H.
ovalis and Syringodium isoetifolium. At the time of collection the salinity was 35 and water
temperature was 19˚C. Ramets were collected at haphazard locations along the edge of the

meadow by gently excavating the sediment and placed into a cooler box filled with seawater for
transportation. Each ramet had at least four shoots preceding an apical meristem. On returning
to the laboratory, six ramets were randomly assigned to each aquarium tank: the number of

shoots and leaves per shoots counted, all roots removed (as per standard P. australis
experimental methods, see Hovey et al. (2011)) and then planted so that the rhizomes were
entirely covered with sediment. In each tank, all leaves in all shoots of a single ramet (referred to

as the acclimation ramet) were hole-punched as per standard methods (Short & Duarte 2001) to

determine the leaf extension rate during the acclimation period. Acclimation under full-spectrum
light conditions (full-spectrum λ 400 – 700 nm) occurred for two weeks. Photosynthetic

measurements were used as an indicator of stress to compare aquarium and field plants. The
maximum quantum yield values measured at the end of the acclimation period in both aquarium

and field plants were in the range identified as healthy, 0.73 - 0.75 (Ralph & Burchett 1995). This

suggested that the plants had successfully acclimated to the aquarium conditions and the
acclimation ramet was removed to determine leaf extension rate during the acclimation period.

At this point, all leaves of the five remaining ramets per tank were hole punched in order to
determine leaf extension rates over the experimental period and light treatments applied for 8.5
weeks, long enough to detect a response in this slow growing species (Hovey et al. 2011).
4.2.3

Experimental measurements

Seedling sampling: After two weeks of receiving light treatments, five seedlings per tank were

removed and processed for analysis. Seedling removal and preparation was repeated for the

subsequent two weeks and then fortnightly for a total of 14 weeks in order to assess changes in

biomass over time and across treatments. At the end of the seedling experiment (14 weeks), the

remaining seedlings were harvested and stored at -20˚C prior to processing for productivity,
morphology, and biomass measures, with the exception of samples for pigment and
carbohydrates analysis, which were stored in the dark at -80 ˚C prior to processing.

Seedling productivity, biomass and morphology: In the laboratory, all seedlings from each
time period were rinsed in seawater, photographed and the number of leaves and roots counted

per seedling. Each seedling was then separated into seed, roots, leaves and rhizomes, dried at
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60˚C for 48 hrs and weighed to determine total biomass per tank and leaf and root production (g

DW d-1). Of these, three seedlings from the end of the experiment were used to assess biomass

metrics compared among treatments and images of two seedlings per tank were later used to

measure leaf area (cm2), leaf length (cm), shoot production (shoot d-1), and root length (cm) in
the program Image J©.

Adult productivity, biomass and morphology: Individual adult ramets were photographed on

a white background, and the images were used to determine leaf area (cm2), number of new

leaves and root length (cm) in the program Image J© (Table 4.1). Following photography, the
ramets were rinsed in seawater, scraped free of epiphytes and sorted into leaves, living and old

leaf sheaths (= above-ground material) and rhizomes plus roots (= below-ground material), and
the new leaf extension measured (cm) for each shoot from the base of the leaf sheath to the hole

punch. This material was dried at 60oC for 48 h and each component weighed. Productivity (leaf,

rhizome and root; mg DW day-1) was calculated by summing the weight of all newly produced

plant material per tank, divided by the number of days of the experiment and total biomass was

the sum of all plant material per tank (mg DW). Note that epiphytes were removed so that all

leaves were standardised to receiving similar wavelengths of light, as different epiphyte loads on
different leaves would affect the wavelengths they would receive

Carbohydrate analysis: For the seedlings, carbohydrate analysis was performed on one leaf and

one endosperm sample (remaining seed) per tank (each sample being formed by pooling two

individual seedlings from each tank) at the end of the experiment. For the adults, carbohydrate
analysis was performed on leaf and rhizome material pooled from three ramets per tank. In both

cases, dried material (60°C for 48 h) was homogenized and ground into a fine powder in a mill
grinder (Mixermill Germany). Seedling seeds, seedling leaves, adult leaves and rhizomes were

analysed separately for soluble sugars and starch content and total carbohydrates using
enzymatic procedures adapted from McCleary and Codd (1991).

Photo-physiology: At the end of the adult experiment (58 days) and prior to the final harvest,

photosynthetic characteristics were measured using a Diving Pulse Amplitude Modulated (PAM)
fluorometer (Walz Germany). Rapid light curves (RLC) were performed on two mature leaves per
tank immediately after the leaf clip was secured, and exposed leaves to increasing PPFD values

(1, 11, 34, 64, 115, 176, 287, 415, 670 µmol photons m-2 s-1 for 10 s) (Ralph & Gademann 2005).

The absorption factor (AF) for each leaf was determined following Beer and Bjork (2000) and

Electron Transport Rates (ETR) were calculated following the standard protocol (Beer et al.
2001). ETR-Irradiance were fitted to the equation described by Jassby and Platt (1976) to

estimate ETRmax, photosynthetic efficiency (α) and saturating irradiance (Ek) using SigmaPlot
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(version 7). Additionally, the maximum quantum yield was measured on two separate mature
leaves per tank.

Pigment analysis: Chlorophyll a and b (µg pigment g-1 FW leaf tissue) and accessory pigments

lutein, β,β carotene, neoxanthin, violaxanthin, zeaxanthin, and antheraxanthin content were
analysed on seedling leaves from two separate seedlings (analysed as individual replicates) per

tank. For adults the same pigments were analysed for a mid-section of newly produced leaf from

two different ramets pooled into one replicate per tank. Leaves were wrapped in foil, placed on
dry ice and stored at –80°C for one month prior to pigment extraction using the method described
in Collier et al. (2008). Supernatants were analysed using high performance liquid
chromatography (HPLC) comprised of a 600 controller, 717 plus refrigerated autosampler and a

996 photodiode array detector (Plazaola & Esteban 2012). A β,β carotene standard was run

through the HPLC machine and values were within the acceptable range. Chlorophyll
concentrations were determined using a spectrophotometer and equations based on Wellburn
(1994).

Table 4.1: Dependent variables measured at the end of the adult and seedling experiments. T0 =
end of acclimation and TE = end of the experiment.
Variable

Photosynthetic characteristics
α, Ek, ETRmax, AF, Fv/Fm
Pigments
Chlorophyll, xanthophylls
Carbohydrates
Adult leaves & rhizomes
Seedling leaves & seeds
Biomass
Total, leaf, rhizome & roots
Total seedling, leaf, rhizome, root
Leaf characteristics
Leaf number, area, length
Root characteristics
Root number, root length, lateral root
length & number
4.2.4

Measure per tank for
seedlings

Measure per tank for adults

2 seedlings (TE)

1 mature leaf (TE )

-

1 mature leaf (T0 & TE)

2 seedlings pooled into 1
replicate (T0, TE)

Leaves & rhizomes pooled from
3 ramets into 1 replicate (TE )

3 seedlings (T0-TE)

All ramets TE

2 seedlings (TE)

All ramets TE

2 seedlings (TE)

All ramets TE

Statistical analyses

A multivariate approach was taken to analyse the effect of light quality (fixed factor) on the
response of adult plants and seedlings using PRIMER v7 and PERMANOVA+ 2015 (PRIMER-E,

Plymouth, UK), as per Strydom et al. (2017). Separate tests were used for adult and seedling
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experiments. To illustrate the differences among treatments a metric multidimensional scaling

(mMDS) plot (Kruskal 1964) was created and the average for each treatment with an 95%

confidence interval was plotted using the Bootstrap Averages routine (Clarke & Gorley 2015). For

each experiment, the response variables measured at TE as identified in Table 4.1 were included
and normalised. A test for homogeneity of variance was performed (PERMDISP) and a
permutational analysis of variance (PERMANOVA) run on the resemblance matrix (created using

Euclidean distance). A separate PERMANOVA was conducted on the time step seedling biomass
data to assess any differences among treatments over time. Where PERMANOVA indicated a

significant main effect, a permutational pair-wise test was performed to determine which levels

of treatment were significantly (p < 0.05) different to each other. As we were interested in
determining which of the response variables were contributing most to the differences between

light treatment groups, a Similarity Percentage (SIMPER) analysis was performed on the
significant pair-wise results with a conservative cumulative % cut-off at 30% and as the amount
of variables per group was not excessive, no restriction on the square distance/SD value was

enforced. Lastly, univariate PERMANOVAs were carried out on variables identified as important
by the SIMPER analysis, to confirm if they were significantly affected by each light quality
treatment. The significant differences among treatments for the majority of these variables are

displayed in Figure 4.4 and Figure 4.5 (exceptions lutein and violaxanthin for adults as these

showed no significantly different patterns and are not discussed in detail in the Discussion),
however, the full set of statistical outputs is presented in Table A4.1 (Appendix).
4.2.5

Adults

The MDS analysis illustrated a clear separation of adult plant samples from the short wavelength

treatments (blue and green) from the longer wavelength treatments (yellow and red) along the
first axis of the MDS (Figure 4.3A), while the full spectrum samples tended to fall intermediate
among the monochromatic treatments.
A

B
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Figure 4.3: 2-D mMDS of P. australis adult (A) and seedling (B) samples grown under different
light quality treatments (B=blue, G=green, Y=yellow, R=red, FS=full-spectrum). The figure shows

the group means surrounded by a corresponding bootstrap region (with 95% confidence interval
at 100 bootstraps per group).

PERMANOVA analysis confirmed that there was a significant effect of light quality on the
characteristics of adult P. australis plants (p < 0.05) (Table 2). However, subsequent pairwise
tests indicated that the significant difference lay entirely between the different monochromatic
treatments (blue v red, blue v yellow, and green v red treatments differed significantly; p < 0.05)

and never between the full spectrum treatment and a monochromatic treatment (Table 4.2,

pairwise tests). Therefore, the hypothesis that there was no significant difference between full-

spectrum and monochromatic light quality treatments was not rejected, and the hypothesis that
no significant differences would occur between specific monochromatic light treatments was
rejected. Lastly, the hypothesis that there would be no differences in the responses of adults and
seedlings was rejected.
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Table 4.2: Results of PERMANOVA test for the effect of light quality (fixed factor) on response

variables in the P. australis adult and seedling experiments. Results are significant if p < 0.05. For
the post-hoc pairwise tests only the significant interactions are shown.
Source
MAIN TEST
1. Adults: Light Quality
2. Seedlings: Light Quality

PAIRWISE TEST
1. Adults:
Blue, Yellow
Blue, Red
Green, Red
2. Seedlings:
Blue, Full-spectrum
Blue, Red

d.f.
4
4

MS

30.92
27.07

F

1.57
1.89

Unique perms

P

999
999

< 0.05
< 0.05

35
35
35

< 0.05
< 0.05
< 0.05

35
35

< 0.05
< 0.05

SIMPER analysis indicated that the variables contributing to the differences among groups were

photophysiological (α, Ek), pigments (chl a:b, violaxanthin, lutein) and root productivity (Table

4.3). For the blue v red comparison, plants grown under blue light had higher α, chl a:b values and

rhizome starch compared to those grown under red light, while root productivity was higher in
the red light treatment. For the blue v yellow comparison, plants grown under blue light again

had higher α values but lower Ek, rhizome starch and leaf area values compared to in the yellow

treatment. For the green v red comparison, plants grown under green light had higher
violxanthin, lutein and chl a:b values compared to those in the red treatment but, as in the blue v

red comparison, root productivity was again higher in plants grown in red light. Overall, plants
grown under blue light tended to have higher α (compared to those grown in red and yellow)

while plants grown under red light tended to have higher root productivity (compared to blue

and green). The variables identified by SIMPER as explaining difference between treatments were
reassessed using univariate PERMANOVA. Generally, these analyses confirmed that these

variables significantly differed to the controls: α was higher in blue, and chl a:b values and

rhizome starch content were lower in red light treatments (Figure 4.4).
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Table 4.3: SIMPER summary table indicating P. australis response variables that contributed to the observed average distances between the light
quality treatments (cumulative % cut-off at 30%).

Variable

Adults
Chl a:b
Rhizome starch
Root productivity
Alpha
Alpha
Rhizome starch
Ek
Leaf area

Violaxanthin
Lutein
Chl a:b
Root productivity

Seedlings
Carotene
Lutein

Neoaxanthin

Total biomass
Carotene
Leaf productivity

Av. Value
Blue
0.699
0.83
-0.679
1.36

Blue
1.36
-0.607
-0.748
-0.845
Green
0.968
0.873
-0.026
-0.285
Blue
1.69
1.51

1.44
Blue
-1.01
1.69
-0.304

Av. Value
Red
-1.25
-0.988
0.78
-0.343

Yellow
-0.899
0.809
0.926
0.594
Red
-0.83
-0.821
-1.25
0.73

Full-spectrum
-0.584
-0.657
-0.732
Red
1.19
-0.516
1.63

Av. Square Distance

Square Distance/SD

Contribution %

Cumulative %

5.39
4.36
0.78
3.35

0.80
0.91
0.73
1.40

10.76
8.71
8.00
6.69

10.76
19.47
27.47
34.16

4.46
3.80
3.08
2.97

0.97
1.14
0.64
0.68

9.55
8.13
6.59
6.36

9.55
17.68
24.28
30.64

5.97
5.24
4.51
4.02

1.40
0.62
0.74
0.91

11.24
9.87
8.49
7.58

11.24
21.11
29.60
37.18

5.70
5.68

1.72
1.15

12.87
12.82

12.87
25.69

5.69
5.22
4.4

1.36
2.00
1.32

9.79
8.97
7.57

9.79
18.76
26.33

5.64

1.36
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12.72

38.41

Figure 4.4: Effect of monochromatic light quality on Posidonia australis adult (A) photosynthetic
efficiency α, (B) Ek, (C) chlorophyll a:b, (D) rhizome starch, (E) leaf area and (F) root productivity.

Different lower case letters denote significant differences (p < 0.05) among mean values (±SE)
when a significant difference was detected.
4.2.6

Seedlings

The blue and red treatments diverged from the full-spectrum treatment in opposite directions

along the first axis of the MDS, while the green and yellow treatments clustered with control

(Figure 4.3B). For P. australis seedlings, the effect of light quality was significant (p < 0.05) (Table

4.2). The hypotheses that there were no significant differences between full-spectrum and

monochromatic treatments, and no significant differences between monochromatic light quality
treatments, were rejected: plants growing under blue light were significantly (p < 0.05) different

to the full-spectrum and red treatments (Table 4.2). For seedlings, as for adults, the SIMPER
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analysis indicated that the variables contributing to the difference between blue and red groups

included a pigment (in this case, carotene) and productivity but, unlike adult plants, also biomass.
Carotene concentrations were higher, while leaf productivity and total biomass were lower in the
blue treatments compared to red (Table 4.3). Seedlings grown in blue light also differed to fullspectrum, with higher concentrations of several pigments (Figure 4.5). Univariate PERMANOVAs

performed on the seedling variables from the SIMPER analysis showed that seedlings grown in
blue light had significantly (p < 0.05) higher carotene, lutein and neoxanthin concentrations

compared to full-spectrum, and seedling biomass was significantly (p < 0.05) lower in blue

compared to red treatments (Figure 4.5). Leaf productivity was also significantly higher in red
compared blue, but for this variable, it was also significantly higher compared to all other
treatments (Figure 4.5D). The amount of total carbohydrates depleted from seeds was not
significantly different across treatments at the end of the experiment (Figure 4.5F). Seed biomass

declined over time but there were no significant differences between treatments (Table A4.2,
Appendix).
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Figure 4.5: Effect of monochromatic light quality on Posidonia australis seedlings: (A) carotene,

(B) neoaxanthin, (C) lutein, (D) leaf productivity, (E) total seedling biomass at and (F) loss in seed
carbohydrates between T0 and TE. Different lower case letters denote significant differences (p <
0.05) among mean values (±SE) when a significant difference was detected.
4.3 Discussion

Posidonia australis adults did not respond to changes in light quality under high irradiance, where
a response is defined as a difference compared to full-spectrum light. Instead our findings
demonstrated that this species has a capacity to effectively utilise a number of wavelengths across

the visible spectrum to maintain short-term growth. We suggest that the 200 µmol photons m-2 s1

that the adult plants were receiving in all monochromatic treatments was saturating, i.e.

sufficient to maintain photosynthesis and productivity at levels not significantly different to full60

spectrum. Our experiment was performed over 9 weeks and it is possible that over a longer

period adult plants might show a response. Nonetheless our findings indicate that this persistent
species can resist changes in light quality for short periods of time (i.e. <9 weeks). Seedlings also

survived under all of the monochromatic light treatments, but did show some responses: under
blue light, seedling pigments were increased and photosynthetic processes modified.

While full-spectrum light provided a useful control condition for this experimental study, it does

not exactly reflect the light that seagrasses receive in situ (e.g. Figure 4.1). Seagrasses rarely grow

under full spectrum light conditions. It is possible that a plant could be growing under

predominantly blue light conditions and then be exposed to predominantly red light. In such a

scenario, the responses we observed among different monochromatic light treatments become
informative. In adults and seedlings we would expect changes in pigment concentrations and

increased productivity, while in seedling we would also expect, increased biomass (Figure 4.6).
Therefore, environmental conditions that affect light quality (particularly those that
simultaneously reduce PPFD) by reducing red light in situ could affect P. australis depending on

the life history stage of the seagrass present.

Figure 4.6: Summary of P. australis adult and seedling physiology, productivity and biomass

responses (based on univariate PERMANOVA results) to blue, green, yellow, red and fullspectrum (depicted as purple) treatments. P. australis images adapted from those created by
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Catherine Collier, Integration and Application Network, University of Maryland Center for
Environmental Science (http://ian.umces.edu/imagelibrary).

4.3.1

Posidonia australis adults and seedlings respond to different wavelengths of light

The main outcome from this work is the demonstration that P. australis adults were able to adjust
their photosynthetic processes and maintain photosynthetic rates and growth, even under
narrow wavebands of light. This capacity to acclimate to the extreme ends of the visible spectrum

at saturating irradiance implies that the amount of light received is more important than the

specific wavelengths of light it receives. The lack of severe response to extreme changes in light
quality was not entirely surprising. Since evolving back into the oceans ~85 million years (Les et

al. 1997), seagrasses have been subjected to an environment in which a variety of processes alter

the wavelengths of light reaching the seafloor. Consequently the ability to maintain productivity
under a wide variety of light quality conditions would confer an adaptive advantage to seagrasses.

While our study only demonstrates this potential over a timescale of several weeks, most natural

processes which affect light quality (e.g. floods, cyclones, algal blooms) tend to occur at those
timescales or shorter (Longstaff & Dennison 1999, Moore et al. 2008 The implications of this
outcome are that P. australis is unlikely to be severely impacted in the short-term by activities
and processes that alter light quality (i.e. dredging, algae blooms) without significant reductions

in PPFD (below 200 µmol photons m-2 s-1). However, the majority of these light altering processes

to tend to simultaneously reduce PPFD and previous work has demonstrated that Posidonia spp.

have physiological, morphological and growth responses to reduced PPFD. For example, P.
sinuosa showed an 82% decline in shoot density when grown at 14 µmol photons m-2 s-1 for 3.5

months (Collier et al. 2009). Therefore, impacts of altered light climates are likely when Posidonia

receives PPFD below its minimum light requirement (thereby reducing its effectiveness in being
able to acclimate) and for periods of time greater than 3 months (i.e. beyond the experimental
period of the experiments in this study).

Seedlings exhibited photo-physiological alterations to pigment content by significantly increasing
xanthophyll concentrations under blue light (compared to full-spectrum). This demonstrates a

physiological plasticity in seedlings, allowing them to survive and grow under a range of light
conditions. This has been found in a number of terrestrial angiosperms, where increased
carotenoid concentrations were detected in leaves growing under blue light (Lee et al. 2007),

which potentially enhances photosynthetic rates as these pigments absorb blue light and transfer

the energy to chlorophylls. The seedling pigment response could indicate an ability for seedlings

to establish in deeper waters, where blue light dominates. Why adults did not increase
xanthophyll concentrations in response to blue light as well is not clear; it is possible that any
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physiological plasticity is a developmental trait that is absent in the adult plants or adults can rely
on carbohydrate storage reserves to resist changes in light quality.
4.3.2

Physiological and productivity variables differed between blue and red treatments

The hypothesis that adults would demonstrate physiological changes when grown under

different light treatments with no significant effect on biomass was supported for some

wavelengths. The increased photosynthetic efficiency and chl a:b under blue light compared to

red light are likely due to differences in energy output of short and long wave radiation. Blue light
has a higher frequency and, therefore, more energy per photon compared to red light that can

lead to increased photosynthetic efficiency. Despite the increased photosynthetic efficiency in
blue light, there were no increases in ETRmax, possibly due to the additional energy being

dissipated through NPQ (Sun et al. 1998), and this is consistent with the observed lack of effect

on biomass. In terrestrial angiosperms blue light has similarly been shown to induce changes in

pigment content and ratios, but with no significant effect on biomass (Lee et al. 2007, Mizuno et
al. 2011, Alvarenga et al. 2015, Hoffmann et al. 2015). In particular, increased chl a:b in leaves of

terrestrial angiosperms grown under blue light compared to red (Lee et al. 2007) is also indicative

of excess energy arising from phytochrome excitation being discharged in chlorophyll b (Van

Huylenbroeck et al. 2000). Unlike their terrestrial counterparts, seagrasses grow in an

environment where they are exposed to predominantly blue light due to the high attenuation of

long wavelength radiation by water. Therefore P. australis adults, receiving predominantly blue
light (i.e. in deep-water environments) are likely to adjust physiologically and assuming the

intensity of light is sufficient, this may not necessarily lead to significant changes in biomass
compared to those growing in red light-dominated environments in shallow areas.

The increased below-ground productivity of adults and leaf productivity of seedlings with

exposure to red light relative to blue reflects similar responses in terrestrial plants (Moon et al.

2006, Lee et al. 2007, Forster & Bonser 2009, Baque et al. 2011) and may confer advantages to

seagrasses in some marine environments. For seagrasses, experiencing a habitat with a large

proportion of red light will only occur in shallow water as these wavelengths are strongly
attenuated with depth. P. australis seedlings are known to establish in such shallow habitats

(Ruiz-Montoya et al. 2015). As seagrasses would be subjected to greater swell and

hydrodynamics in shallow waters compared to deep waters, increasing root productivity could
be a potential ecological advantage to aid in anchorage of adult plants under these conditions.

Conversely, the reduced seedling leaf productivity and biomass under blue light suggests that in

deeper water, seedlings are likely to grow slower compared to those in shallow waters. In
terrestrial plants responses to red light are mediated through photoreceptors. Photoreceptors

have been identified in one seagrass species, Z. marina (Olsen et al. 2016). Further study of
63

photoreceptors may provide a way forward in understanding the responses of seagrasses to
altered light climates.
4.3.3

Comparisons between H. ovalis and P. australis

Based on the findings of this study and an earlier study on Halophila ovalis (Strydom et al. 2017),

a colonising seagrass species, H. ovalis is more susceptible to light quality stress compared to P.
australis. Posidonia australis adults did not respond to changes in light quality between

monochromatic and full-spectrum light treatments, whereas in H. ovalis, negative impacts to

biomass and below-ground productivity were observed under some monochromatic treatments.

The contrasting responses of the two species to altered light quality is generally consistent with

Kilminster et al.’s (2015) model of persistent vs. colonising life-history strategies. Under that

model, P. australis relies on persistence traits such as slow growth and utilisation of carbohydrate
stores (which are substantially larger compared to colonising species) to survive periods of
environmental stress, whereas H. ovalis has strategies to acclimate (i.e. high mortality, reduced

growth and biomass) and recover quickly from disturbance, such as recovery from remaining
vegetative fragments or seed banks.

The negative effect of blue compared to red light on P. australis was generally consistent with that
observed in H. ovalis adults, seeds and seedlings. Posidonia australis seedlings had reduced

biomass and leaf productivity under blue light compared to red, and H. ovalis seed germination
and subsequent seedling survival were also significantly lower in the blue treatments compared
to red (Strydom et al. 2017a), suggesting a common underlying mechanism for these responses

in both species. Again, it is possible that photoreceptors could play an important role in any such
mechanism.

The lack of significant response between full-spectrum and yellow and green light for both P.

australis adults and seedlings differed to the significant reduction in below-ground productivity

of H. ovalis to these wavelengths (Strydom et al. 2017a). This may reflect differences in the life-

history strategies and environments in which the two species occur. H. ovalis often grows in
environments subject to dramatic changes in water quality that are unfavourable and in those
conditions typically dies back and recovers from seed banks (Hovey et al. 2013; Rasheed 2004).

Environmental conditions that cause green-yellow shifts in benthic light quality include

suspended sediment plumes i.e. from cyclones, river discharge, dredging etc. (Gallegos et al. 2009,

Jones et al. 2015). Such plumes simultaneously reduce PPFD and, as such, even though our results

indicate that green and yellow wavelengths may not have negative impacts on P. australis,

reductions in PPFD certainly do (Ralph et al. 2007, McMahon et al. 2013).
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4.4 Conclusion
This study has demonstrated that the seagrass P. australis has the capacity to survive under

attenuated spectra of various wavelengths of light across multiple life history stages.
Furthermore, the amount of light that this seagrass receives appears more important than the

wavelengths it receives as it was able to maintain growth at 200 µmol photons m-2 s-1 across

narrow wavebands of the visible spectrum. This suggests that from a management perspective,

changes in light quality may be less significant for persistent species than for colonising species
such as Halophila ovalis which have displayed stronger responses to altered light quality.
However, processes that simultaneously alter light quality and reduce PPFD to sufficiently low
intensities may impact the characteristics (i.e. carbohydrate reserves) that assist seagrasses to

remain resilient against other stressors, and any loss of resilience ultimately reduces the longterm viability of populations (Unsworth et al. 2015). Therefore, future work must be aware of,

and contemplate how, P. australis might respond to changes in light quality in conjunction with
other stressors.
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CHAPTER 5
5. Response of the seagrass Halophila ovalis to altered light quality in a
simulated dredge plume
Abstract
Seagrass meadows are globally threatened, largely through activities that reduce light quantity

(PPFD) such as dredging. However, these activities can simultaneously alter the spectral quality
of light. Previous studies showed that Halophila ovalis seagrass productivity is reduced under
monochromatic yellow/ green light, wavelengths associated with dredge plumes, but it is unclear
how they respond to spectra produced by real dredging projects. We simultaneously subjected

adult H. ovalis plants to altered light quality and quantity simulating a real commercial dredging
operation (15 mg L-1 TSS, 50 and 200 µmol photons m-2 s-1). There was a significant effect of
reduced light quantity on physiological and morphological variables and a significant effect of
light quality on the pigment antheraxanthin. The lack of effect of light quality on growth indicates

that while seagrass are sensitive to changes in light quality, natural- and anthropogenic-driven

changes may not always be sufficient to produce strong effects on H. ovalis.

Due to copyright laws, this thesis chapter has been removed and the link to the published article
provided:

http://www.sciencedirect.com/science/article/pii/S0025326X17304654?via%3Dihub
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CHAPTER 6
6. General Discussion
My research has shown that seagrasses grow under a range of different light spectra, which are
influenced by natural and anthropogenic processes. They respond to different wavelengths of

light, and the wavelengths they respond to vary between species with different life history

strategies and across life cycle stages. The overall theme emerging from this work is that

colonising species (assuming these are represented by H. ovalis) are negatively impacted by some
wavelengths of light but can adjust to others, and persistent species (assuming P. australis is
representative of these) are more tolerant to short-term changes in light quality at relatively high

irradiances. This work is also informative from a management perspective, as it allows

predictions to be made regarding the impact of altered light quality caused by some
anthropogenic processes.

6.1 Seagrasses acclimate to changes in light quality
Three broad hypotheses were constructed for this thesis about how changes in light quality
would affect seagrasses:

1. Adult seagrasses exposed to monochromatic light quality treatments would respond with

physiological, growth, morphological and/or biomass responses compared to those exposed to

full-spectrum light;

2. Within a species, life history stages such as seeds and seedlings would respond differently to
changes in light quality compared to adult plants; and

3. Species with different life history strategies (i.e. colonising vs. persistent species) would also
differ in their responses to changes in light quality.

My work vastly expands the current literature on the effects of changes in light quality on
seagrasses (Figure 6.1). Before undertaking this work, only three peer-reviewed studies

investigated how changes in light quality (without changes to PPFD) affected seagrasses. Briefly,

these studies provided information on the “shade avoidance-like” responses of Halodule wrightii
and Ruppia maritima to changes in red and far red (R:FR) light (Tomasko 1992, Rose & Durako

1994) and enhanced seedling growth under monochromatic blue light for T. hemprichii (Soong et

al. 2013). My work expands the current literature by adding detailed information about plant-

and meadow-scale responses to changes in light quality in two additional seagrass species with

contrasting life-histories (P. australis, a persistent species, and H. ovalis, a colonising species) and
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across multiple life history stages for each species. The overall theme emerging from this work is

that colonising species can acclimate to, and persistent species are more resistant to, short-term
changes in light quality at relatively high irradiances.

This work not only provides valuable insights into seagrass biology but is also informative from

a management perspective, as it allows predictions to be made regarding the impact of altered
light quality caused by anthropogenic processes (i.e. dredging, eutrophication). Therefore, the
following discussion focuses on four main points: the responses of seagrasses to altered light

quality in relation to their life history traits and how representative these responses might be for
other species; the successful acclimation of seagrasses to the underwater light climate; and

incorporating light quality measurements into assessments of human impact. The discussion
concludes with recommendations for future research.

Figure 6.1: The responses to changes in light quality for seagrasses across the life-history model

(adapted from Kilminster et al. 2015, with permission). Note that responses to light quality

differed between H. ovalis and P. australis but were similar across life-history stages within the
same species. Note: + and – signs denote positive and negative responses respectively.
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6.2 Seagrass responses reflect life history traits
Seagrasses effectively utilise wavelengths across the visible spectrum, but the effect of altered

light quality on adult plants is not consistent between the seagrass species studied here. I found

that adult plants of the colonising species H. ovalis exposed to some monochromatic light quality
treatments (blue, green and yellow) demonstrated physiological and growth adjustments

compared to those exposed to full-spectrum light, which suggests a capacity to acclimate to these
changes in light quality. No significant difference was observed in the performance of the
persistent species, P. australis when exposed to monochromatic light compared to full-spectrum
light (i.e. no acclimation response) nor did mortality occur, which indicates a possible adaptation

to growing under different wavelengths of light. Therefore, the capacity to tolerate narrow
wavebands of light was more apparent in the persistent species P. australis than in H. ovalis, which

has a colonising life history strategy. Based on the model of Kilminster et al. (2015) colonising
species are fast-growing, respond quickly to changing environmental conditions and can recover

from disturbance through dormant seed banks, whereas persistent, slow-growing species invest

substantially more carbohydrate stores and form enduring meadows that have a greater capacity
to buffer against stressors. The results from this study support this model; the colonising species

was less able to resist some changes in light quality, showing lethal responses to blue and sub-

lethal responses to green and yellow light, but this was not observed in the persistent species. In

light of this, there was no strong justification for conducting a dredge spectrum light quality
experiment on P. australis adults.

The different responses between species are likely due to: a) their different life history strategies;
b) differences in species response times; or c) insensitivity to the variables measured. From the
results in Chapter 4, it appears that P. australis is more tolerant of extreme differences in light

quality (i.e. shifts to monochromatic light) at the intensity of light provided here (~200 µmol m-2

s-1) as no responses were required to maintain photosynthesis and support growth, at least in the

variables that were measured. Posidonia australis relies on persistence traits such as slow growth,

or utilisation of carbohydrate stores (which are substantially larger compared to colonising

species) to survive through periods of environmental stress, whereas H. ovalis has strategies to
acclimate (i.e. reduced growth and biomass) and recover quickly from disturbance, such as

recovery from remaining vegetative fragments or seed banks (Kilminster et al. 2015). Therefore,
H. ovalis responses were detected due to their ability to respond quickly to environmental stress.

At the same time, it needs to be acknowledged that the responses in H. ovalis and the lack of
responses in P. australis could be related to duration of the experiment in relation to the

timescales of growth. New shoots are produced annually in P. australis (Cambridge et al. 2002),

whereas it only takes days in H. ovalis (Kilminster et al. 2014), therefore, the timescale of the P.
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australis experiment may not have been adequate to detect significant changes in new growth.

Alternatively, there may have been underlying mechanisms that were not measured which could
account for the lack of any detectable differences among treatments in P. australis. In the

terrestrial literature chloroplast formation and structure, rubisco content, cell expansion and
phytohormone concentrations (auxins, gibberellins etc.) are known to respond to light quality,

enabling acclimation to different conditions (Dougher & Bugbee 2001, Drozdova et al. 2001,
Dougher & Bugbee 2004, Canamero et al. 2006).

Much like H. ovalis, I expect that colonising species with similar life history strategies (e.g.
Halodule spp.) could make physiological and productivity adjustments in response to short-term
reductions in long-wave radiation (red light). While the literature preceding this work is limited,

there is evidence of acclimation to changes in light quality in two other fast-growing/ colonising
species, Halodule wrightii and Ruppia maritima (Tomasko 1992, Rose & Durako 1994). It is

difficult to confidently predict how other adult persistent species will respond to changes in light
quality as there are no other studies that have investigated their responses. However, this work
demonstrated that P. australis was more capable of surviving changes in light quality compared
to H. ovalis, therefore other persistent species may also not need to have major adjustments (to a

degree, i.e. timeframe permitting). While the responses demonstrated herein were not lethal in

the short-term, i.e. mass die-off did not occur in either species, long-term exposure to different
wavelengths of light may induce severe responses. Similarly, this work was conducted at PPFD of

200 µmol m-2 s-1, and it is quite possible that different effects of altered light quality may occur at

lower irradiances, particularly as spectral shifts coincide with reductions in light quantity. At the

point where natural light is at a threshold for maintaining seagrass growth, the same amount of
spectrally shifted light may no longer meet plant requirements as the PPFD of 200 µmol m-2 s-1

did. This has implications for managing seagrass habitats as management triggers of light are
usually formed around non-spectrally shifted light levels (e.g. Chartrand et al 2016).

As the adult responses differed between species, so too did the seed and seedling responses.

Seeds and seedlings of the colonising species, H. ovalis, exposed to blue and green light did not
germinate and survive as well as those exposed to full-spectrum light, indicating that this

colonising species required long-wave radiation (i.e. red light) to transition across life history

stages with greater success. Reductions in red light could have similar implications for other
colonising species and could lead to a reduction in fitness. Conversely, the seedlings of the
persistent species, P. australis also responded to different wavelengths of light, but there were no
negative impacts, even at this critical life history stage.
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The differences between species in their responses to altered light quality were likely due to their

different life history strategies. For example, H. ovalis has seed dormancy, and the lack of seed

germination under blue and green light may indicate a delay of germination under unsuitable

conditions. As such, light quality may be acting as a cue for germination, as observed for some

other angiosperms (Luna et al. 2004, Qi-He et al. 2005, Victorio & Lage 2009). Such an inherent

reproductive strategy would benefit colonising species, facilitating recovery from poor
environmental conditions through seed banks if re-vegetation from ramets were not possible. In
contrast, P. australis lacks seed dormancy and the greater carbohydrate stores within the seeds

allow seedlings to resist or tolerate sub-optimal conditions for survival while they acclimate to

their growing environment and assimilate sufficient resources to sustain growth into adult life

history stages. Other work has demonstrated that seed starch utilisation increases in P. australis
seedlings growing under sub-optimal conditions (Statton et al. 2013). The lack of significant

differences in the amount of seed carbohydrates utilised across light quality treatments provides

further evidence that seedlings were not stressed, but rather, increasing xanthophyll pigments

and acclimating to blue light. Seedlings of one other persistent species, T. hempricchi, also

acclimated to monochromatic blue light conditions (Soong et al. 2013), allowing speculation that
this may be a common response across persistent species.
6.3 Acclimation, adaptation and evolution

As seagrasses have had ~85 million years living in the marine environment (Les et al. 1997) and

have been subjected to a range of spectral shifts (i.e. due to depth, water quality) it is not
surprising that they have the capacity to tolerate a range of spectral shifts. The range of spectral
shifts that seagrasses receive differs to that of terrestrial angiosperms due to the rapid

attenuation of red and far-red light by water, and the subsequently higher proportion of blue light

in clear-oceanic conditions. Additionally, waters are strongly influenced by several constituents

that further affect spectral quality underwater, such as TSS, CDOM and pigment containing
organisms. Some of the variability in spectral shifts to which seagrasses are exposed, as a function

of depth and water quality were illustrated in Chapter 2. Compared to seagrasses, the main

change in light quality for terrestrial angiosperms occurs between full-sunlight and sub-canopy
light (Figure 6.2), the latter having a green peak in irradiance and an increase in far-red light (de
Castro 2000, Acevedo & Ataroff 2012). Even though the spectra seagrasses receive are different

to the spectral shifts (and magnitude of light) that terrestrial angiosperms receive, this research

demonstrated that several of the responses of H. ovalis were similar to those of terrestrial

angiosperms, e.g. reduced seed germination and adult root production under blue light (Chapter

3). In terrestrial angiosperms these responses are driven by photoreceptors and their signalling
pathways (Casal 2000, Lee et al. 2007, Baque et al. 2011), which suggests that this mechanism for
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inducing plant responses to different wavelengths of light might be present in marine

angiosperms. This mechanism might be physiologically fundamental in seagrasses because even
though they have evolved to grow successfully in a blue-dominated light environment, their
responses to blue light were negative for the colonising species H. ovalis (Chapter 3) and neutral

for the persistent species P. australis (Chapter 4). If seagrasses had evolved (adapted) to utilise

blue light then enhanced growth would likely have been measured under blue light treatments;

however, this was not detected in any of the light quality experiments for either species in this
study.

Figure 6.2: An example of the different types of downwelling irradiance received by terrestrial

angiosperms and seagrasses. Downwelling irradiance estimates from above- and sub-canopy
level in a terrestrial forest (A) (from Endler 1993) and measured at 1, 3 and 7 m depths at an

estuarine site (B), near-coastal site (C) and underneath a dredge plume (D).
6.4 Incorporating light quality into human impact assessment

In considering the management implication of changes in light quality, persistent and colonisingtype species should be considered separately. From a management perspective, reduced PPFD is

likely to have greater negative impacts on persistent species compared to changes in light quality

that occur above saturating irradiance. However, whilst no severe responses were detected in the

persistent species over 2 months, it is possible that under prolonged events plants may lose their
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ability to resist changes in spectral composition if, for example, carbohydrate reserves are

diminished. While the evidence from other studies on Posidonia species suggest a threshold of 3
months to see severe impacts of reduced PPFD (Collier et al. 2009), it is unclear how long the

effects of altered light quality would take to cause negative impacts on persistent species.
Therefore, persistent species such as P. australis are less likely to be severely impacted by shortterm shifts in light quality compared to colonising species.

For colonising species, lethal effects such as reduced seed germination and loss of adult biomass

in H. ovalis as well as sub-lethal effects of altered light quality on seagrasses were observed. The
significance of these effects will depend on the type of spectral shift, the life history strategy of

the species and the life history stage. Not all spectral shifts will have negative impacts on

colonising species, but a loss of red light or a shift towards predominantly blue light is more likely

to result in an impact. Some examples of where these shifts in light quality could occur include
dredging plumes, as red light is attenuated by suspended particles (Kirk 1994, Jones et al. 2015)
and under cyanobacterial blooms, as phycocyanin absorbs strongly in the orange and red

wavelengths leaving blue and green shifted light (Falkowski & Raven 2007). These effects on
colonising species will be more extreme at deeper sites due to the acute attenuation of red light
with increasing depth.

To manage colonising-type seagrass meadows exposed to these types of spectral shifts, a number
of factors should be considered, such as the timing and the duration of events that could lead to

spectral shifts. The timing of a spectral shift could impact colonising species if seed germination

and survival of seedlings is important for maintenance of the populations. As demonstrated in

Chapter 3, negative impacts of blue and green light occurred on these life history stages in H.
ovalis. Negative impacts on adults linked to these spectral shifts, such as reductions in belowground productivity, leaf area and total biomass, are also likely to manifest in colonising species
after one month.

Assuming that the responses observed in this study are representative of other species,

seagrasses receiving light with sufficient proportions of red and blue wavelengths are not likely
to be severely impacted, as demonstrated for P. australis in Chapter 4 and H. ovalis in Chapter 5.
However, when peak irradiance shifts closer towards monochromatic green or yellow (with

higher attenuation of red and blue wavelengths) then reductions in below-ground productivity

may occur, as was observed in H. ovalis (Chapter 3). These sub-lethal responses could affect the
ability of the seagrass to be able to maintain resilience against other stressors. For example, a
study demonstrated that H. ovalis adults did not recover from multiple stressors (short-term

shading plus grazing), but only recovered when a single stressor (short-term shading or grazing)
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was present (Eklöf et al. 2010). That is, reduced PPFD decreased seagrass resilience to swan

(Cygnus atratus) grazing pressure on rhizomes, which lead to zero recovery of plants (Eklöf et al.

2010). Therefore, it is likely that environmental conditions that alter light quality also have the

potential to indirectly influence their overall resilience. The nature of any such interactive effect

of light quality and other stressor, if any, is not known and highlights an area worthy of further
research.

Current management of seagrass habitats is frequently focussed on changes in light availability

(PPFD). Under most circumstances this is likely to be the key factor driving negative responses,
as demonstrated by several studies that reduced PPFD and found die off responses (Lee & Dunton
1997, Longstaff & Dennison 1999). Additionally, when both light quantity and light quality were
manipulated (Chapter 5), the effect of reduced PPFD was more severe than changes in light

quality. However, as explained above, managers need to be aware that changes in light quality

could also have additional and potentially synergistic impacts. With regards to managing realworld scenarios, the results from Chapter 5 indicate that for the adult part of the H. ovalis life

history stage, spectral shifts linked to dredging are unlikely to have significant impacts. Therefore,

management strategies that focus on maintaining the quantity of light at acceptable levels is likely
valid even without considering spectral shifts. However, this can only be applied to short-term

periods and to H. ovalis adults; the effect is unknown for different life history stages (i.e. seed

germination) and for longer term dredging activities (i.e. > 4 weeks).

Some specific suggestions for managing long-term light quality impacts on colonising species
include: measuring downwelling irradiance [Ed (λ)] in impacted areas (i.e. under plumes) to

determine how acute the attenuation of red and blue wavelengths are, and to monitor several

plant response variables as indicators (i.e. the low-light response indicators described by
(McMahon et al. 2013). Particular focus should be given to colonising species occurring at deep

sites (> 3 m) as the effects of reduced red light and shifts towards predominantly blue light will

be more extreme (Chapter 2). If conditions occur where red light becomes absent and minimum

light quantity thresholds fall below 6 mol photons m−2 d1 (based on Chartrand et al. 2016) then
management actions should be applied that will abate loss, for example, move the dredger to a

different location or cease dredging periodically until light quantity rises above the threshold
value again.

6.5 Recommendations for future research
Before this work, the responses of H. ovalis or P. australis to changes in light quality were
unknown, and while this research has begun to fill a vast knowledge gap on how changes in light
74

quality affect seagrasses, it has also generated new questions that were beyond the scope of this
study to address. The three main areas that I believe are the priorities for further research are:
•

Characterising the variation in spectral quality that seagrasses receive over space and time,

and with various human impacts. This would provide a better understanding of the range of

spectral shifts to which seagrasses are exposed during events that have not been captured
in this work, i.e. there might be other processes that cause reductions in red wavelengths or

•

shifts towards predominantly blue wavelengths;

Investigating if seagrass species are locally adapted to the spectral conditions they are

exposed to. This would clear up uncertainties about whether responses have occurred due

to inherent properties or due to local acclimation and therefore would help us determine
whether the responses in one population can be applied to seagrasses receiving different
•

local conditions;

Use this approach to assess what implications spectral shifts will have at light levels that are
closer to the minimum light requirements for a range of seagrass species. This is important

as this has direct implications for the management of anthropogenic activities i.e.
•

maintaining minimum light requirements;

How environmental conditions that alter light quality indirectly influence seagrass

resilience to other stressors. This could provide useful information on whether multiple
•

disturbances, including light quality, reduce seagrass resilience; and

To provide more insight into adaptation or acclimation processes, measure the absorption
and action spectra and the composition and function of photoreceptors and their related

signalling pathways in seedlings and adults of multiple seagrass species. This will further
advance fundamental seagrass biology knowledge in terms of the mechanisms involved in
responses to changes in light.
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7.2 Supplementary figures and tables cited in the thesis

Figure A3.1: Transmission spectra (%) of the Rosco heat resistant gel filter sheets used to create

blue (‘Night Blue’ peak transmission λ=451 nm), red (‘Fire’ peak transmission λ=673 nm) and
yellow (‘Canary Yellow’ peak transmission λ=595 nm) light quality treatments (A). The peak
spectral output of the LED used to create the green (λ=522 nm) light quality treatment (B).

Figure A3.2: H. ovalis ramet productivity (A), rhizome extension rate (B), above-below ground

ratio (C), and absorption factor (AF) in response to monochromatic and full-spectrum light.
Different lower case letters denote significant differences (p < 0.05) among mean (±SE) values

when a significant difference was detected.
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Table A3.1: The mean (±SE) values of all Halophila ovalis adult response variables to each monochomratic light qality treatment.
Effective quantum yield (PSII)
Photosynthetic efficiency (α)
Ek
ETRmax
Chl a (μg g–1 fresh wt)
Chl b (μg g–1 fresh wt)
Xanthophylls (μg g–1 fresh wt)
Leaf sugars (% DW)
Leaf starch (% DW)
Rhizome sugars (% DW)
Rhizome starch (% DW)
Total biomass (mg DW)
Above-below ground biomass (ratio)
Relative growth rate (mg DW apex-1 d-1)
Ramet productivity (mg DW apex-1 d-1)
Root productivity (mg DW apex-1 d-1)
Rhizome productivity (mg DW apex-1 d-1)
Leaf productivity (mg DW apex-1 d-1)
Shoot production (shoots apex-1 d-1)
Shoot mortality (shoots apex-1 d-1)
Leaf density (No. leaves m2)
Leaf area (cm2)
Petiole length (cm)
Root length (cm)
Internode length (cm)
Rhizome extension rate (cm apex-1 d-1)

Control

0.73 (0.01)
0.27 (0.007)
168 (19)
56 (6.7)
375 (60)
269 (39)
58 (5)
6.4 (0.6)
1.0 (0.2)
0.7 (0.1)
13.3 (1.9)
364 (19)
0.39 (0.08)
0.04 (0.001)
0.57 (0.07)
0.16 (0.02)
0.26 (0.02)
0.14 (0.02)
0.25 (0.03)
0.07 (0.01)
815 (66)
8.15 (2.2)
1.9 (0.14)
8.73 (0.5)
3.81 (0.3)
1.11 (0.09)

Blue

0.75 (0.01)
0.38 (0.01)
151 (7.2)
45 (5.7)
299 (68)
222 (48)
49 (4)
5.0 (0.9)
0.9 (0.1)
0.42 (0.02)
13.8 (0.6)
182 (42)
0.42 (0.14)
0.01 (0.008)
0.43 (0.08)
0.07 (0.003)
0.15 (0.008)
0.07 (0.008)
0.21 (0.004)
0.08 (0.020
457 (166)
9.50 (2.2)
2.0 (0.12)
7.60 (0.1)
3.84 (0.05)
0.78 (0.10)
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Green

0.76 (0.008)
0.27 (0.005)
106 (11)
29 (2.8)
409 (13)
313 (10)
60 (2)
4.0 (0.3)
0.7 (0.1)
0.54 (0.02)
11.3 (1.5)
272 (30)
0.53 (0.16)
0.03 (0.003)
0.39 (0.03)
0.10 (0.01)
0.14 (0.009)
0.12 (0.01)
0.15 (0.03)
0.03 (0.01)
480 (940)
9.82 (1.2)
2.3 (0.16)
9.03 (1.0)
3.95 (0.49)
0.69 (0.11)

Yellow

0.70 (0.01)
0.24 (0.004)
187 (29)
44 (7.1)
297 (52)
232 (36)
53 (6)
6.6 (1.6)
0.9 (0.1)
0.67 (0.04)
16.8 (3.0)
204 (40)
0.58 (0.16)
0.02 (0.006)
0.29 (0.03)
0.07 (0.003)
0.11 (0.02)
0.09 (0.01)
0.23 (0.06)
0.08 (0.03)
535 (84)
6.96 (1.1)
2.1 (0.04)
8.96 (0.5)
3.57 (0.17)
0.59 (0.04)

Red

0.67 (0.02)
0.26 (0.01)
199 (16)
53 (2.6)
374 (133)
290 (110)
55 (17)
5.6 (1.0)
1.0 (0.1)
0.61 (0.09)
13.7 (0.6)
283 (54)
0.50 (0.10)
0.03 (0.005)
0.35 (0.02)
0.11 (0.009)
0.13 (0.005)
0.15 (0.03)
0.26 (0.05)
0.06 (0.02)
749 (74)
8.09 (1.4)
1.9 (0.20)
7.28 (0.3)
3.51 (0.22)
0.70 (0.07)

Branching (No. secondary branches)
Flowering (No. flowers per node)

7.0 (1.2)
0.01 (0.007)

2.7 (0.8)
0.02 (0.008)
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2.7 (0.63)
0.03 (0.01)

4.0 (1.2)
0.02 (0.01)

8.0 (1.3)
0.02 (0.006)

Table A3.2: Results from PERMANOVA analysis examining the effect of light quality (one fixed

factor) on response variables in the H. ovalis seed and seedling experiments. Results are
significant if p < 0.05.

Unique perms
999
144

P
< 0.01
< 0.05

Control, Blue

25

< 0.05

Yellow, Green

25

< 0.05

MAIN-TEST PERMANOVA
Seed germination
Seedling survival
PAIR-WISE PERMANOVA TESTS

df
19
11

MS
3.54

F
11.01
5.90

Seed germination
Control, Green
Yellow, Blue
Red, Blue

Red, Green

Seedling survival
Control, Red

80

35

< 0.05

25

< 0.05

8

< 0.05

18

< 0.05

25

< 0.05

Table A4.1: Results from the univariate PERMANOVA analysis testing the effect of light quality
(one fixed factor) on the P. australis response variables from the SIMPER analysis. Results are
significant if p < 0.05.
Source
1. Adults
Blue vs. Red
Alpha
Chl a:b
Rhizome starch
Root productivity
Blue vs. Yellow
Alpha
Ek
Rhizome starch
Leaf area
Green vs. Red
Chl a:b
Root productivity
Lutein
Violaxanthin

2. Seedlings
Blue vs. full-spectrum
Carotene
Lutein
Neoxanthin
Blue vs. Red
Total biomass
Carotene
Leaf productivity

d.f.

MS

F

Unique perms

P

19
19
19
19

2.77
2.33
2.30
1.91

5.25
3.63
3.54
6.39

999
999
999
999

< 0.05
< 0.05
< 0.05
< 0.05

19
19
19
19

2.33
1.91
308
2.23

3.63
6.39
1.69
3.33

999
999
999
998

< 0.05
< 0.05
> 0.05
> 0.05

19
19
19
19

39
39
39

39
39
39

2.77
2.09
1.70
1.49

4.94
4.08
4.04
2.75
4.94
3.41

81

5.25
1.09
2.09
0.25

8.99
6.30
6.19
5.15
8.99
9.58

999
999
999
999

< 0.05
> 0.05
< 0.05
> 0.05

998
999
999

< 0.05
< 0.05
< 0.05

999
999
999

< 0.05
< 0.05
< 0.05

Table A4.2: Results from PERMANOVA analysis testing the effect of light quality and time (two

fixed factors) on the change in P. australis seed weight over time. Results are significant if p < 0.05.
“T” indicates seed removal time in the pairwise tests.
Source
MAIN TEST
Light quality
Time
Light quality x Time
PAIR-WISE TESTS
T1, T2
T1, T3
T1, T4
T1, T5
T1, T6
T2, T3
T2, T4
T2, T5
T2, T6
T3, T4
T3, T5
T3, T6
T4, T5
T4, T6
T5, T6

d.f.
4
5
20

MS

0.13
16.58
0.22
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F

0.39
48.26
0.66

Unique perms
998
999
999
996
998
999
999
997
997
998
997
997
997
995
995
997
998
998

P

> 0.05
< 0.05
> 0.05
< 0.05
< 0.05
< 0.05
< 0.05
< 0.05
< 0.05
< 0.05
< 0.05
< 0.05
< 0.05
< 0.05
< 0.05
< 0.05
< 0.05
> 0.05

Table A5.1: Mean value (±SE) for each H. ovalis response variable measured under full-spectrum high and low light, and dredge spectrum high and low
light treatments. 1 denotes the variables that contributed most to the similarities among groups in the SIMPER test, whereas 2 denotes those variables

that did not.
Variable

Physiology
α1
Ek1
ETRmax2
Chl (a + b) 1
Carotene1
Antheraxanthin1
Neoaxanthin1
Violaxanthin1
Rhizome starch2
Rhizome sugars2
Leaf starch1
Leaf sugars2

Biomass & Density
Total biomass2
Above-belowground biomass2
Leaf density2
Growth
Leaf productivity2
Root productivity2
Rhizome productivity2
Shoot mortality2
Shoot production2
Rhizome extension rate1

Full-spectrum high light

Full-spectrum low light

Dredge spectrum high light

Dredge spectrum low light

0.29 ± 0.04
848 ± 200
244 ± 60
376 ± 58
14 ± 1.4
16 ± 1.3
13 ± 1.2
21 ± 5.9
0.41 ± 0.04
8.4 ± 1.08
0.21 ± 0.02
9.7 ± 0.37

0.39 ± 0.01
548 ± 154
211± 51
431 ± 103
15 ± 1.3
2.2 ± 1.1
13 ± 1.8
39 ± 12.1
0.47 ± 0.05
14.9 ± 1.73
0.10 ± 0.01
10.1 ± 0.99

0.26 ± 0.03
811 ± 109
207 ± 16
359 ± 42
13 ± 1.1
5.5 ± 1.8
12 ± 0.8
25 ± 4.8
0.57 ± 0.11
14.9 ± 2.73
0.22 ± 0.05
10.9 ± 1.31

0.35 ± 0.05
576 ± 75
171 ± 49
568 ± 73
17 ± 1.4
4.2 ± 1.7
17 ± 2.0
52 ± 11.2
0.42 ± 0.04
12.0 ± 1.59
0.19 ± 0.03
9.5 ± 0.51

0.04 ± 0.00
0.10 ± 0.01
0.04 ± 0.00
0.005 ± 0.001
0.10 ± 0.00
0.31 ± 0.03

0.03 ± 0.00
0.08 ± 0.01
0.04 ± 0.00
0.003 ± 0.001
0.07 ± 0.01
0.27 ± 0.01

0.03 ± 0.00
0.08 ± 0.00
0.03 ± 0.00
0.010 ± 0.001
0.08 ± 0.00
0.30 ± 0.03

0.03 ± 0.00
0.06 ± 0.00
0.03 ± 0.00
0.008 ± 0.000
0.07 ± 0.00
0.24 ± 0.01

0.62 ± 0.04
1.82 ± 0.18
133 ± 8.16

0.59 ± 0.09
1.53 ± 0.27
124 ± 20.32
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0.70 ± 0.09
2.03 ± 0.16
120 ± 13.66

0.68 ± 0.15
2.48 ± 0.34
116 ± 12.61

Morphology
Leaf area1
Internode length2
Root length1

0.92 ± 0.03
2.56 ± 0.22
4.78 ± 0.26

0.87 ± 0.05
2.75 ± 0.24
4.85 ± 0.34

84

1.07 ± 0.07
2.71 ± 0.07
5.18 ± 0.31

0.91 ± 0.06
2.64 ± 0.24
3.97 ± 0.12

Table A5.2: Non-significant results from PERMANOVA testing for significant effects of light quality and
light quantity (both fixed factors) on H. ovalis response variables.
Source
Individual Tests
1) Ek
Quality
Quantity
Quantity x Quality
2) Chl a
Quality
Quantity
Quantity x Quality
3) Chl b
Quality
Quantity
Quantity x Quality
4) Carotenes
Quality
Quantity
Quantity x Quality
5) Neoxanthin
Quality
Quantity
Quantity x Quality
6) Rhizome extension
Quality
Quantity
Quantity x Quality
7) Leaf area
Quality
Quantity
Quantity x Quality

d.f

MS

F

Unique perms

P

15
15
15

5.10
2.36
3.48

4.86
2.25
3.32

999
995
996

0.98
0.15
0.85

15
15
15

0.80
2.82
1.01

0.93
3.27
1.17

996
999
998

0.34
0.09
0.30

15
15
15

15
15
15
15
15
15
15
15
15
15
15
15

0.50
2.89
0.95

6.79
2.80
0.56
0.45
2.62
0.56
0.47
3.50
0.09
2.26
2.39
0.78

85

0.56
3.26
1.07

7.05
2.91
0.58
0.54
3.16
0.58
0.51
3.84
0.10
2.83
3.0
0.99

996
998
997

997
997
998
995
996
998
996
996
998
993
996
996

0.45
0.97
0.30

0.79
0.12
0.45
0.49
0.09
0.45
0.48
0.07
0.77
0.09
0.09
0.35
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